UNCLASSIFIED

w 446233

DEFENSE DOCUMENTATION CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA, VIRGINIA

UNCLASSIFIED

\



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsocever; and the fact that the Govern-
ment may have formilated, furnished, or in any way
supplied the sald drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



C 4146233

3N

r, 5

; g i
A LS

A
kY

|

RESEARCH REPORT

S

alapiesisann — 1, N

—_— -
H T = 2= =urrirar R

ST SN

= o —

BATTELLE

MEMORIAL INSTITUTE




DDC AVAILABILITY NOTICE

Qualified requestors may obtain coples of
this report from DDC.

FIELDS OF RESEARCH

Aeronautics—Astronautics
Agricultural Chemistry
Agricultural Economics
Alloy Development
Applied Mathematics
Area Economics
Biochemistry
Biophysics—Bionics
Catalysis—Surface Chemistry
Ceramics

Chemical Engineering

Chemical Processes
Communications Science
Computer Technology
Corrosion Technology
Electrochemistry
Electronics

Energy Conversion
Engineering—Structural Materials
Environmental Systems
Extractive Metatlurgy
Extreme-Temperature Technology
Ferrous Metallurgy

Food Technology
Foundry Practice
Fuels—Combustion
Glass Technology
Graphic Arts Technology

Immunology—Cancer Studies
Industrial Economics
Industrial Physics

Information Research
Inorganic Chemistry
Instrumentation

Light Alloys—Rare Metals

Lubricant Technology

Materials Separation—Concentration
Mechanical Engineering

Metal Fabrication Engineering

Metal Finishing

Metallurgical Processes

Microbiology

Microscopy—Mineralogy
Nondestructive Evaluation Technology

' Nonferrous Metallurgy

Nucleonics

Organic Chemistry

Organic Coatings

Packaging Research
Petrochemicals

Petroleum Engineering
Pharmaceutical Chemistry
Physical Chemistry

Product Development
Production Engineering
Psychological Sciences
Pulp—Paper Technology
Radioisotopes—Radiation
Reactor Technology
Refractories

Reliability Engineering
Rubber—Plastics
Semiconductors—Solid-State Devices
Systems Engineering
Textiles—Fibers
Theoretical-—Applied Mechanics
Thermodynamics
Transportation
Welding—Metals-Joining Technology
Wood-—Forest Products



FINAL TECHNICAL REPORT

on

COMPACT HEAT-EXCHANGER STUDY
Contract No. DA-44-009-AMC-313(X)
to
U. S. ARMY ENGINEER REACTORS GROUP
ARMY NUCLEAR POWER PROGRAM
FORT BELVOIR, VIRGINIA

April 15, 1964

by

F. A. Creswick, S. G. Talbert, and J. W, Bloemer

THZ VIEWS CONTAINED HEREIN REPRESENT
ONLY THE VIEWS OF THE PREPARING AGENCY
AND HAVE NOT BEEN APPROVED BY THE
DEPARTMENT OF THE ARMY.

BATTELLE MEMORIAL INSTITUTE
505 King Avenue
Columbus, Ohio 43201



PREFACE

This report is a summary of the study conducted by Battelle Memorial Institute
during the period from July 1, 1963, to March 31, 1964, for the U. S. Army Engineers
Reactors Group at Fort Belvoir, Virginia, under USAERDL Contract No. DA-44-009~
AMC-313(X). The project was administered by the Advanced Power Conversion De-
velopment Branch (APCDB), with Mr. E. D. Collins as project coordinator. The
project requirements were outlined in PD10800-S20, dated April, 1963, The project
staff at Battelle consisted of J. A. Eibling, Group Director; F. A. Creswick, Program
Director; S. G. Talbert, Project Engineer; and J. W. Bloemer, Research Engineer.
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Dattelle Memorial [hstitute
U M B U S. o H ! O 4 3 2 O |
AREA CODE 614 TELEPHONE 299-3]191

April 15, 1964

Property Officer
Warehouse 335
USAERDL

Fort Belvoir, Virginia

M/F: Contract No. DA-44-009~-AMC-313(X)
Dear Sir:

Compact Heat~Exchanger Study

We are pleased to submit this final technical report on our study of compact heat
exchangers. The objective of the program has been to establish design goals for a
compact heat-exchanger development program.

The study has been more technical in nature than that implied in the purchase
request. This was necessary because we found that a literature survey alone would not
lead to the required information,

As a result of the additional technical effort, not only has the basic objective been
achieved but also data and procedures are now available for estimating the size of heat
exchangers without conducting a complete design analysis. These results should be
extremely useful in conducting optimization studies in which heat~exchanger size and
performance are trade-off parameters,

If there are any items in this report that need clarification, we will be pleased to
discuss them.

Very truly yours,

James A. Eibling
Group Director

JAE/mln Thermal Systems Research

Enc. (25)

cc: APCDB
Building 322
USAERDL
Fort Belvoir, Virginia
Attention Mr. E. D. Collins

DEDICATED TO THE ADVANCEMENT OF SCIENCE
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COMPACT HEAT-EXCHANGER STUDY

by

F. A. Creswick, S. G. Talbert, and J. W. Bloemer

SUMMARY

This study of compact heat exchangers included all types of fluids and surface
configurations in order to determine realistic compactness goals for the recuperator
and precooler heat exchangers to be used in mobile, nuclear-powered, closed-cycle,
gas-turbine, electric-generating plants. The study was based mainly on a literature
survey, supplemented by information obtained from heat-exchanger manufacturers and
from a design study.

The data found in the literature were reduced to a form that permitted comparison
of the effectiveness of core surfaces on the sole basis of geometrical configuration. In
this way, the effects of fluid properties and operating conditions were eliminated. These
reduced data can be used to predict easily the heat-exchanger size and performance for
many combinations of core surface, heat-transfer fluid, and operating conditions. The
hydraulic radius of the core surfaces was shown to be the most important factor affecting
the compactness of a heat~exchanger core.

Discussions with eight heat-exchanger manufacturers produced information on
present production capabilities, the state of the art of compact-heat-exchanger tech-
nology, and the difficulties likely to be encountered in attempting to produce more com-
‘pact core surfaces than are now available,

Preliminary design studies were conducted for several recuperators and one pre-
cooler in order to compare the sizes and weights resulting from the use of different

core surfaces that represent a wide range of compactness and manufacturing difficulty.

The various phases of this study led to recommendations concerning design goals
for a compact-heat-exchanger development program,

INTRODUCTION

The purposes of this study were (1) to evaluate the present state of the art of
compact-heat-exchanger design and performance and (2) to recommend realistic goals
for the first step of a compact-heat-exchanger development program, In conducting the
study, evaluations were made of heat exchangers now in use, or proposed for use, in
the Army Gas-Cooled Reactor Systems Program, as well as of those in the literature
representing the entire heat-exchanger field, including all gases and liquids, effects of
change of phase and material conductivity, and surface configurations that result in more
compact core designs.

BATTELLE MEMORIAL INSTITUTE



Certain types of heat exchangers and some related side effects were excluded from
consideration in this study, for example:

(1) Periodic-flow regenerators

(2) Natural-convection heat exchangers

(3) Transient performance

(4) Fouling and corrosion

(5) Dissociation or chemical change

(6) Rarefied gases

(7) Classified reports.

The degree of each heat exchanger's compactness was judged, whenever possible,
by evaluating its specific heat transfer and heat-transfer density. These terms were
developed by the Advanced Power Conversion Development Branch (APCDB) and are de-
fined as follows:

(1) Specific heat transfer (SHT) is the heat transferred in Btu per hour

per 100 degrees Fahrenheit logarithmic-mean-temperature difference
per pound of heat-exchanger weight
(2) Heat-transfer density (HTD) is the heat transferred in Btu per hour
per 100 degrees Fahrenheit logarithmic-mean-temperature difference
per cubic foot of heat-exchanger volume.
Heat-exchanger weight and volume, as defined by APCDB, include the core, mani-~

folds, pressure vessel, insulation, and any auxiliary equipment necessary for successful
operation.

INVESTIGATION

The state of the art of compact-heat-exchanger technology was determined both
from data gathered during the literature survey and from discussions with heat-
- exchanger manufacturers. From this start-of-the-art investigation, design and per-
formance goals have been given for an APCDB recuperator and precooler.

Virtually no heat-exchanger data were found which would enable calculation of
specific heat transfer (SHT) or heat-transfer density (HTD) as defined and requested by
APCDB, because the majority of the technical literature presented investigations only on
the performance of heat-exchanger core surfaces [References (112) through (129)*].
Also, it was suspected, and later verified, that over-all heat-exchanger performance
data would depend so markedly on the particular fluids and operating conditions used that

* See Bibliography, page 44.
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no meaningful comparisons could be made. Accordingly, it was decided to evaluate
compactness on the basis of size and weight of the core surfaces, rather than on size

and weight of over-all heat-exchanger designs. For this purpose, a correction procedure
for analyzing performance data was required, and a compactness parameter (P.) was de-
rived to compare core surfaces on the basis of their ability to transfer heat because of
their geometrical configuration (including such factors as fin design, friction factor,
Colburn factor, etc.) rather than any particular fluid properties or operating conditions.
These compactness-parameter data can be used also in conjunction with a particular set
of design and performance requirements to calculate easily the expected size and per-
formance for a heat exchanger. This application of the data is illustrated later by
example problems. The terms heat-transfer density and specific heat transfer, were
usually evaluated on the basis of core volumes and weights, respectively, to conform to
the data gathered in the literature survey and to judge the relative merits of heat-transfer
surface configurations and core designs found in the technical reports,

The approach used to arrive at values to satisfy the original APCDB definitions of
HTD and SHT (i.e. , including manifolds, insulation, etc. ) was, first, to employ the
correction procedure described above to calculate a practical minimum core volume
and weight, and then to estimate the size and weight of typical manifolds, pressure
vessel, insulation, etc.

The complete derivation of the compactness parameter (P.) is preserited in
Appendix A, and whenever possible, the data were corrected and plotted using this
procedure. The final expression, Equation (A-38) is

HTDC = Pc [Design Parameter ] , (A-38)

where

HTDC = (HTD) [(c/cmm)(Ntuo/Ap)l/3 (Npr)8/9 (up)'l/3 (cp)'l] (A-39)
= (hTD) [Correction Factor] (A-40)

P, = [(g/z)”3 ¢y ot ry 43 (f/j)'”3] (A-42)

Design Parameter = [(Ntuo/Ntu)4/3] (A-43)

The nomenclature is given on a fold-out page at the end of this report. HTDC, which
stands for “corrected heat transfer density', and HTD in the above expression are
evaluated on the basis of the void volume of one side of the core. PC stands for
"compactness parameter’,

A simple substitution of the material volume and density in the above expression
gives a correction factor ﬁor the specific heat transfer (SHT) and results in the follo wing
relationships:

SHT = HTD/(1-0)d , (1)
SHTC = HTDC/(1-0)d . (1a)
BATTELLE MEMORIAL INSTITUTE



The compactness-parameter method of plotting data successfully separated fluid
properties and design conditions and therefore allowed each core design to be compared
primarily on the basis of surface-property factors. Another salient advantage was that
only reduced data of the form f and j versus Ng, were needed, and a large percentage
of heat-exchanger data are presented in this manner only. "Raw' data, including pres-
sure drops, flow rates, temperatures, etc., were muc}} more scarce.

An estimated HTD and void volume for a core can be calculated easily for a given
set of design conditions and performance requirements by calculating a Pc for a chosen
surface configuration, then finding the HTD for one side by multiplying the P, by the
design parameter and dividing by the correction factor calculated for the intended de-
sign conditions. [See Equation (A-37). ] Then the void volume for that side can be found
by multiplying this HTD by the log-mean~temperature difference and dividing by the heat-
transfer rate. The total core volume is obtained by adding the void volume for each side
and then dividing by 0. The above procedure is demonstrated later in this report.

Literature Survey Results

The literature survey covered the period from 1945 to the present, and the subject
categories of Heat Exchangers and Heat Transfer were searched to include all references
having pertinent information regarding compact heat exchangers. The sources searched
included:

Applied Science and Technology Index

Engineering Index

Nuclear Science Abstracts

OTS Selective Bibliography

Scientific and Technical Aerospace Reports (NASA)

Technical Abstract Bulletin (DDC)

U. S. Government Research Reports (OTS).

Approximately 500 references were initially extracted. When it became apparent
that time would not permit a detailed study of each, it was decided to concentrate on the
reports containing heat-exchanger performance data. This reduced to approximately
200 the number of references to be reviewed. These are listed in the selected bibli-
ography. During the latter stages of reviewing, the calculations were expedited by
including only reports having data in the more compact range of hydraulic radius, since

there were already ample data for surfaces having a hydraulic radius larger than about
0.0015 feet.

Figures 1 through 4 show the results, plotted both in "raw" form and in the more
usable corrected form, of data gathered in the literature survey. As expected, the
data plotted using the corrected heat-transfer density and compactness-parameter terms
show much less scatter than do the uncorrected data, which contain the influence of fluid
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properties and operating conditions. Indeed, no accurate or meaningful conclusions
could have been reached concerning the state of the art for compact-heat-exchanger
technology had not the effects of fluid properties and operating conditions been essen-
tially eliminated or properly accounted for.

Figures 1 and 2 show HTD data points plotted without correction for the influence
of fluid properties or operating conditions; therefore, the data were widespread by a
factor of 150, on the average, for a given hydraulic radius. The HTD calculations are
based on the void volume of the core for both sides in Figure 1, and for one side in
Figure 2.

Figures 3 and 4 show the corrected HTDC data points obtained from raw, data,
and P, data points calculated from reduced data using the j and f factors only. These
"corrected" plots produced much better grouping of the data, the spread being only a
factor of 6 for a given hydraulic radius; therefore, more accurate boundaries could be
given, which lent confidence to extrapolation of the results to extreme compactness
ranges. The state-of-the-art limits for ry, P., and HTDC are also shown in Figure 3.
Both the present and future technological capabilities are represented by boundary lines,
and the average hydraulic radius for surfaces presently being produced is included for
comparison.

The HTD, HTDC, and P, terms are plotted versus the hydraulic radius because
the equations revealed this was the most important single design variable affecting the
compactness. The enclosing envelope lines are drawn with a -4/3 slope because the
hydraulic radius is raised to this power in Equation (A-42) for the compactness param-
eter. The points designated "GTTF Design'" in Figures 1, 2, and 4 are for the recuper-
ator described in the "Engineering Manual for Ferrotherm Heat Exchanger for Closed-
Cycle Gas Turbine Test Facility". This was the only recuperator previously designed
or proposed for APCDB for which enough data was available to permit plotting on these
graphs.

Tables 1 through 4 represent all the data points. shown in Figures 1 through 4, re-

spectively, and specify the heat exchangers' operating conditions, the parameters used
in calculating each point, and the reference from which the data were taken.

Figures 5 and 6 are sketches of representative core surfaces for which the actual
dimensions are included in Tables 1 through 4 for each data point.

Manufacturer Survey Results

Battelle engineers visited the following eight heat-exchanger manufacturers to
inquire about the practical manufacturing limits of compactness and the difficulties ex-
pected in producing still smaller hydraulic radius surfaces.

Ferrotherm Company, Cleveland, Ohio

Harrison Radiator Division, L.ockport, New York

Janitrol Aero Division, Columbus, Ohio

Modine Manufacturing Corporation, Racine, Wisconsin
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TABLE 3. COMPACTNESS PARAMETER DATA

Surface Dimensions

Plate or Tube

Ty Heat Exch. Fo _ Fluids Flow Fins/in. —Soacing, i Reference

ft No. w23 gl Type of Surface Hot Cold Geometry* i/t ¢ (1/a)* (b)* Q] Number
0.00066 n 28x10°  Triangularfin . Steam Al NA 0267 0.8 4645 0100 = %
0.000%4 34 165 x 109 Triangular fin Sleam Air NA 0.29 0.045 25.79 0.101 = 129
0.00100 % L&x 105 Triangutar fin Steam Air NA 0.28 0.055 30.33 0170 - 129
0.00122 3% 3.64x 109 Offset rectangular fin Steam Air NA 0.282 0.130 20.06 0.100 0.125 46
0.00122 % 3.5 x 109 Offset rectangutar fin Steam Air NA 0.265 0.122 20.06 0.100 0.125 46
0.00127 3 3.00x 105 Strip fin - double sandwich Steam Air NA 0.25 0.12 16,12 0.206 0.1 129
0.00127 38 2.62x 109 Strip fin — double sandwich Steam Air NA 0.24 0.113 16.12 0.206 0.125 125
0.00128 39 25% 109 Strip fin - triple sandwich Steam Air NA 021 0.112 16.12 0314 0.125 125
0.0013% 40 2.10% 10° Siit fin Steam Air NA 0.194 0.097 2 0.250 0.125 >
0.00132 4 2210105 Strip findowble sandwich Steam Air NA 0.27 0.087 15.4 0.206 0.250 125
0.00134 42 1.85x 10° 0.031° D pin fin (in line) Steam Air NA 0216 0.082 16.15 0.750 0,062 120
0.00146 1 2.66 x 108 Strip tin Steam Air NA 0.158 0.142 ? ? ? 154
0.00146 1 2.5tx 105 Strip fin Air Air NA 0.145 0.138 ? ? ? 154
0.00146 t 2.28x 105 Strip fin Air Air NA 0.131 0.129 ? ? ? 154
0.00146 1 1.63x 108 Strip fin Steam Air NA 0.122 0.116 ? ? ? 154
0.001495 24 117 x 10° Triangular fin Steam Air NA 0271 0.0555 19.86 0.250 - 13
0.00150 43 1.2x 108 Triangular fin Steam Air NA 0.285 0.057 19.86 0.250 - 116
0.00153 - 44 t.40x 105 Herringhone Steam Air NA 0.25 0.073 18 0.426 ? 201
0.00159 45 9.12x 104 Plain serpentine Steam Air NA 0.204 0.055 22 0.320 ? **
0.00174 % 2.09% 105 Wavy fin Steam Air NA 0.224 0.13 17.8 0413 0.375 123, 4
0.00174 2% 8.26x 104 Ruffled fin Steam Air NA 0.209 0.128 17.8 0.413 0.375 114
0.00175 46 8.52x 104 Serrated fin Steam Al NA 0.25 0.14 15 0.375 0.125 201
0.00198 47 8.0x 100 Stratght fin Steam Ait NA 0.238 0.0515 14 0.200 - x>
0.00205 48 13x 108 Perforated plate fin Steam Air NA 038 0.09 13.95 0.200 - 126
0.00206 49 5.65x 104 Plate fin Steam Air NA 0.43 0.037 12.5 0.310 - 20t
0.00211 50 1.60% 10° Serrated strip fin Steam Air NA 0.188 0.135 15 0375 0.125 b
0.00212 21 7.45 x 104 Triangular fin Steam Air NA 0235 0.059 14.77 0.330 - 113
0.00217 51 154 100 Strip fin Steam Air NA 0.188 0.135 15.2 0.414 0.125 123,4
0.00218 2 1.48 x 10° Strip fin Steam Air NA 0.187 0.135 15.2 0.414 0.125 114
0.00219 52 7.14x 104 Plate fin Steam Air NA 0.267 0.036 15.08 0.418 - 119
0.00220 53 1.87x 10 Strip fin Steam Air NA 0.16 0.19 13.95 0.375 0.125 126
0.00226 54 8.66x 104 Herringbone Steam Air NA 0.23 0.078 12 0.426 ? 201
0.00236 5 154 x 109 0.1907 1D tube bank (staggered) Helium Hydrogen CF 0.217 0.134 - - - 212
0.00244 55 9,03 10* 0.375" 0D tinned tube bank Steam Air CF 0.225 0.088 11.46 0.975 0.80 140

(staggpered)

0.00248 56 1.46 % 105 Wavy fin Steam Ar NA 020 0.16 115 0.375 0.375 129
0.00248 57 1.43x 100 Wavy fin Steam Air NA 0.19 0.16 11.5 0,375 0.375 126
0.00253 58 1.27x 109 Louvered tin Steam Ar NA 0.240 0.120 111 0.250 0.375 116
0.00253 59 1.26x10° Louvered fin Steam Air NA 0.217 0.13 111 0.250 0.50 123,4
0.00253 60 5.03x 10 Triangular tin Steam Air NA 0.239 0.0512 = 111 0.250 - 13
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TABLE 3. (Continued)
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P

Surface Oimensions

Plate or Tube

T Heat Exch. ¢ _ Fluds Flow Fins/in. Spacing, in. Reference
it No. w2l Type of Suface ot cold Geomety® j/f 4 (Var ®F ©  Number
[]—,[]I]ZSS 30 132 x 105 Ruffied tin Steam Air NA 0.182 0.153 11.44 0.413 0,375 114
0,00288 61 8,431 10"  Finned flat tube bank (staggered) Steam Air CF 0.255 0.097 11.32 0.55 0.79 116
0.00288 62 5,50 x 10* Rectangular plate fin Steam Air NA 030 0.060 1111 0.250 - 140
0.00293 63 1222100 0.04° 0 pin fin (in line) Steam Air NA 0.146 0.175 8.33 0.398 0.0% 120
0.00294 64 113 x 10° Strip fin Steam Al NA 0.184 0.151 12.22 0.485 0.094 116
0.00295 65 5.14x 104 Finned flat tube bank (staggered) Steam Air CF 0.273 0.060 9.68 0.436 1.06 123, 4
0.00298 66 9.67x 10" 0.402" OD finned tube bank (staggered) Steam Air CF 0.3 0.105 8.0 1.0 0.866 123, 4
0.00309 67 109 10%  0,375” OD tube bank (in liney** Steam Atf CF 0.302 0.13 - 0.469 0.469 121
0.00315 68 4.94¢ 104 Triangufar fin Steam Air NA 0.25 0.07 10.27 0.544 - 46
0.00348 5 1.38x 105 0.210” OD tube bank (staggered) Helum Hydrogen CF 0.231 0.199 - 0.315 0.262 212
0.00357 31 1.28 x l[]5 Efliptical pin fin Steam Air NA 0.207 0.215 10 0.440 0.110 128
0.00357 31 1.23x 10°  Efliptical pin fin Steam A NA 0.310 0.8 10 0.440 0.110 128
0.00357 31 1.01x 105 Elliptical pin fin Steam Air NA 0.181 0.194 10 0.440 0.110 128
0.00357 69 466« 101 Flat tube bank (staggered) Steam Air NA 0.296 0.068 - 0.444 0.344 123, 4
0.00361 1 70 1.05% 10° 004" 0 pin fin (in line} Steam Air NA 0.227 0.170 8 0.240 0,125 120
0.00365 71 7.03x 104 Louvered fin Steam Arr NA 0.163 0.13 6.06 0.250 0,375 123, 4
0.00365 72 6.85x 10" Louvered fin Steam Arr NA 0.217 0.115 6.06 0.250 0.375 116
0.00365 73 6.68x 104 Louvered fin Steam Air NA 0 02 5.06 025 050 123, 4
0.00365 74 6.55x 104 Louvered fin Steam Air NA 0.216 0.11 6.06 0.25 0.50 123, 4
0.00375 75 2.46x 10%  Plate fin Steam Air NA 0.267 0.040 4.0 0.18 - 119
0.00385 I 4.80x 10° 038" OD finned tube bank (staggered)  Steam Air CF 0.192 0.090 1.34 0.975 0.80 140
0.00397 77 4.50x 10" 0.774” 00 finned tube bank (staggered) Steam Air CF 0.208 0.086 9.05 2,725 0.80 123, 4
0.0041 4 24%10%  0.197" 1D tube and shell Steam Air NA 0.24 0.0464 ? ? - 154
0.00415 78 9.17x 104 0.250" 00 tube bank (staggered) Steam Air CF 0.222 0.018 - 0.375 0.312 123, 4
0.00415 79 7.56x 104 0.250" OD tube baak (in line) Steam Air CF 0.182 0.159 - 0.375 0.312 120
0.00415 79 3,98 10" 0.250" OD tube bank (in line) Steam Air CF 0.264  0.074 - 0.375 0.312 120
0.00455 80 206x100  Plate fin Steam Air NA 0.294 0.050 6.2 0.405 - 119
0.0045 81 117x10°  0.065" O pin fin (staggered) Steam  Air NA 0158 0.0 5 0.502 w15 1234
0.00465 81 942x 104 0.065" D pin fin (staggered) Steam Alr NA 0.113 0.27 5 0.502 0.125 123, 4
0.00482 82 2.07x 10" 0.231" ID single tube Steam Air NA 0.277 0,047 - - - 140
0.00504 83 2.98x 10" Triangutar fin Steam Air NA 0342 0.065 5.3 0.470 - 116
0.00504 32 2.76x 10% Triangular fin Steam Air N 0.236 0.0695 5.3 0.470 - 113
0.00620 84 5.85x 104 0.375" OD tube bank (in lire) Steam Air CF 0.500 0.15 - 0.563 0.469 121
0.00620 84 488 x 104 0.375" 0D tube bank (in line) Steam At CF 0.206 0.167 - 0.563 0.469 121
0.00742 85 4.78x 104 Plate fin Steam Air NA 0.193 0.214 4.2 0.510 - 123, 4
0.0082 86 496x 10 0,375 OD tube bank (staggered) Steam Air CF 0.180 0.26 - 0.750 0.375 123, 4
0.00835 87 amx0t 0.125" D pin fin (in tine) Steam Air NA 0217 0.206 2.67 0.875 0.250 120
0.0111 88 1.8 x 10* 1,024” 0D finned tube bank (staggered) Steam Air CF 0.207 0.140 8.8 3.079 2063 13,4
0.0111 89 147 10* 0.774" OD finned tube bank (staggered) Steam Air CF 0.154 0.12 9.05 2725 175 123, 4
“See nomenclature in Apperdix, ] - - = e
** Private c e, source L
*** Continuous sheet fins,
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Stewart-Warner Corporation, Indianapolis, Indiana
The Trane Company, LaCrosse, Wisconsin

United Aircraft Products, Inc. , Dayton, Ohio
Young Radiator Company, Racine, Wisconsin

The companies were selected somewhat arbitrarily, although prominence in the manu-

facture of heat exchangers and convenience of location were considerations. It was not
intended to interview all manufacturers experienced in this field but merely to include a
sufficient number of them to assure a reasonably good representation of the industry.

For the most part, the manufacturers' comments were consistent and were helpful
in developing an appreciation of manufacturing capabilities and limitations. The dis-
cussions revealed that manufacturing technology is capable of approaching the compact-
ness limits determined by the data collected from the literature survey and presented in
the preceding section in Figure 3. However, current production surfaces have typical
hydraulic radii about double those of the present capability limit of approximately
0.001 ft,

The results of the discussions are summarized under the headings listed below.

Factors Limiting Compactness, The main factors limiting further compactness
are: cost of manufacturing and materials, present machinery, brazing techniques, man-
ifolding difficulty, dimensional tolerance factors, and fouling or cleaning. Customers
often specify the number of fins per inch, but their chief criterion is cost per Btu trans-
ferred rather than size or weight, and neither of these demands gives the manufacturers
much incentive toward further compactness.

Hydraulic Radius Limits. Typical production core surfaces have hydraulic radii
around 0, 002 ft, which correspond to a B of approximately 500 ftz/ft3, and a plate spac-
ing of perhaps 0. 20 inch with 15 fins per inch, but occasionally they approach 0. 001 f{t
with a B of about 1,000 ft2/£t3, and a plate spacing of about 0. 10 inch with 30 fins per
inch. This factor, B, is the total heat-transfer surface area present in one cubic foot
of core volume between plates. Under laboratory conditions, experimental test cores
have been built having hydraulic radii in the range of 0. 00025 to 0.0005 ft, which means
that B is in the range of 4,000 to 2,000 ft2/£3, respectively, and a surface having a
hydraulic radius in this range may have a plate spacing of only 0. 050 inch and require
100 fins per inch. Obviously, other combinations of plate spacing and number of fins
per inch could be used to achieve the same hydraulic radius and compactness. The man-
ufacturing limits given above will probably represent the state of the art for the next
5 to 10 years.,

Materials, The two heat-exchanger materials for which heat-exchanger technology
is most advanced are aluminum and stainless steel. Other steel alloys, having conduc~
tivities approaching that of carbon steel, are available for high-temperature uses and
would be suitable for the APCDB recuperator, but their application technology is not as
advanced and their cost is higher. Nickel may be a consideration for the recuperator
design if even higher material conductivity is necessary, but otherwise a 300-series
stainless steel would be satisfactory., Stainless~-steel-clad copper fins have been used
by several manufacturers, but at recuperator temperatures of 1400 F, the copper would

BATTELLE MEMORIAL INSTITUTE
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alloy with the stainless steel. The cost of materials increases as thinner gages and
more accurate tolerances are demanded. Thermal-expansion coefficients for all types
of steels are similar enough so that fin material could differ from plate material to
some extent and not cause problems.

Brazing. The primary difficulty arising in brazing extremely compact surfaces
with many fins per inch is that of capillary action causing the brazing material to fill the
flow passages between fins. This action may limit the fin spacing and also may cause’
the hydraulic radius to change from its design value. Vacuum brazing is the most suc-
cessful technique for very compact surfaces. The current brazing technology is most
advanced for aluminum and stainless steel, but if smaller hydraulic radii are required
than those used in the experimental cores listed above in the section on hydraulic radius
limits, new brazing techniques would be needed. The lack of a good brazing alloy for
the 1400 F requirement may also be a durability barrier. Other materials would be
even more difficult to braze, Spacer plates should not be made so thin as to allow the
brazing alloy to diffuse completely through the material, thereby increasing the likeli-
hood of leakage.

Manifolding., As core sizes of heat exchangers are designed more compactly, the
ratio of manifold volume to core volume increases. Actually, the manifold volumes
remain relatively constant because flow areas do not change appreciably for a given set
of design conditions; only the flow length decreases appreciably as smaller hydraulic-
radius surfaces are used. Therefore, a point of diminishing returns is reached for
compactness when most of the heat exchanger volume becomes manifolding, A "rule-of-
thumb" limit for counterflow heat exchangers might be a core length equal to only one-~
half the nonflow dimension, Manifolding becomes more difficult when the number of
passages increases as they * _.come more compact. Pressure loading may be a greater
problem in the manifolds than in the core passages because the thin dividing sheets,
although rigid enough in the core, may not be rigid enough in the manifold section. A
floating~header type of manifold may be needed in the recuperator to prevent excessive
thermal stressing during transient periods,

Leakage. The most common points of leakage occur from yielding of plate sheets
by pressure loading, failure of the joints between side closures and spacers plates, and
separation of the core and headers due to differential thermal expansion. Naturally,
because the number of passages increases in a heat exchanger as the core surfaces be-
come more compact, leakage problems will increase correspondingly. A successful
design will be easier to achieve if APCDB will allow some measure of leakage, however
small, rather than specifying no leakage whatever,

Durability. The 10,000-hour life requirement is probably not out of reach, but it
is definitely beyond the state of the art and could not be guaranteed until many tests
were performed. Thermal~ and pressure-cycling severity would be the determining
factors for longevity, and therefore may have to be specified for the manufacturers.
Fatigue failures caused by differential thermal expansion are likely to occur at the junc-
tion of the core and manifold because, with highly compact surfaces, the thin sections
of the core have high thermal response rates while thicker manifold materials have a
slower response rate. Therefore, flexible headers, mentioned in the section under
manifolding, may be necessary. At the higher recuperator temperatures, pressure
loading will also be a design problem and may be a life-expectancy factor. High-
temperature~brazing technology may also limit the life expectancy.
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These discussions with manufacturers aided in projecting realistic goals and
recommendations for compact-heat-exchanger design.,

Design-Study Results

Using various core surfaces having a wide range of hydraulic radii, design studies
were conducted of three recuperators and one precooler, in order to reveal the ad-
vantages and limitations of employing more compact heat-transfer surfaces and to help
formulate practical compactness goals, During the design studies for the recuperator,
pure counterflow was assumed and an attempt was made, analytically, to minimize both
flow area and volume. (The procedure is presented in the calculations section,) How-
ever, the requirements for satisfying both of these design goals simultaneously were
incompatible. Therefore, minimum volume was selected as the primary objective, To
achieve the smallest core volume, the equations showed that the hydraulic radius should
be equal on both fluid sides of the core, if a particular hydraulic radius is taken to be
the minimum allowable for a particular design. In other words, if any other geometric-
ally similar surface having a larger hydraulic radius were used for the other fluid side
of the core, a larger total core volume would result, regardless of pressure-drop
ratios, number of heat-transfer-unit ratios, etc.

Table 5 gives the design conditions specified by APCDB and used in sizing the
three recuperators and one precooler.

Table 6 shows the average fluid pfoperties at the mean mixed-bulk temperatures
for the design conditions listed in Table 5, which were obtained from handbooks.

Figure 7 is a schematic diagram for a typical nuclear-powered, closed-cycle,
gas-turbine, electric-generating plant.

Figure 8 shows the design used to estimate the over-all volumes and weights for
the recuperators. Because only core data were available, it was necessary to assume
some manifold configuration and to calculate a pressure-vessel thickness and an average
insulation thickness to reduce the outside temperature to 150 F in order to predict an
over-all HTD and SHT for APCDB. The flow area~was equal for each fluid side because
the hydraulic radius was the same on both sides to give minimum volume. The frontal
area of the core was assumed to be square.

Figure 9 shows the design used for the precooler calculations, The precooler in-
corporated a crossflow design and would require ten 10-hp motors on the air side to pro-
duce the needed air flow.

Table 7 summarizes the numerical results of the design study and lists the more
important parameters for the three recuperators and the one precooler. Example cal-
culations and the procedure and assumptions used are given in the calculations section.

Figure 10 shows the relative sizes of the three recuperator-core designs resulting
from the use of three quite different heat-transfer surfaces having hydraulic radii of
0.00253, 0,00122, and 0,00033 ft, These three particular surfaces were chosen be-
cause j and f data were available for them and they represented three stages of tech-
nology. As predicted, the flow area is not appreciably changed by reducing the hydraulic
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TABLE 5. HEAT-EXCHANGER DESIGN CONDITIONS

Precooler Recuperator

Hot Fluid Nitrogen Nitrogen

'Flow Rate, 1b/hr 108,000 108,000

Inlet Tem, F 500 1400

Outlet Temp, F 110 500

Pressure, psia 175 175
Coolant Ambient air Nitrogen

Flow Rate, lb/hr 432,000 180,000

Pressure, psia 14. 7 500

Inlet Temp F 80 350

Outlet Temp, F 129™ 1250
Heat Load, Btu/hr 12 x 10° 17,5 x 10©
Effectiveness, per cent 93 85. 7
Pressure Drop (AP/P)y, = 0.015" (AP/P). + (AP/P), = 0.04

AP_ = 4 in, H,0*

*Conditions not specified by APCDB, but resulting from design study.

TABLE 6. AVERAGE FLUID PROPERTIES FOR HEAT-EXCHANGER DESIGN

CONDITIONS
Recuperator Precooler
Property Hot Side Cold Side Hot Side Cold Side
Cp> Btu/lb,,-F 0. 267 0.262 0.250 0. 240
Np,, dimensionless 0.70 0.69 0.68 0.70
b5 Woppd hiw=ft 0.083 0.078 0.056 | 0.048
P, lbm/ft3 0. 324 1.037 0.597 0.0676
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FIGURE 7. SCHEMATIC DIAGRAM OF POWER PLANT

FIGURE 8. COUNTERFLOW RECUPERATOR DESIGN, CORE AND
MANIFOLD CONFIGURATION
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FIGURE 9, CROSSFLOW PRECOOLER DESIGN, CORE AND
MANIFOILD CONFIGURATION
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TABLE 7, DESIGN-STUDY RESULTS

Surface
Type of Fin

rh, ft

B, ft2/ft3

Plate Spacing, in,
Plate Thickness, in,
Fin Thickness, in,
Number Fins Per Inch
0, Ratio Vy/V¢

f, Friction factor
J» Colburn number
h, Btu/hr-ft-F

, Fin effectiveness

Tgs Surface effectiveness

Py, hr-2/3g-1

Core
Ag, fté
Ay, ft2
A, ft2
Lo, ft
Ly, ft
Vi, ft3
V¢, £t3
Weight, lb
Ntuh/Ntuc
Apy,/Ap¢
NRe, Hot side
NRes Cold side

HTDy, Btu/hr-100 F-ft?

SHT, Btu/hr-100 F-1b

Manifolds
Volume, ft3
Weight, 1b

Pressure Vessel
Weight, 1b

Insulation
Thickness, in,
Volume, 13
Weight, 1b

Total Heat Exchanger
Volume, ft3
Weight, lb

HTD,, Btu/hr-100 F-ft3

SHT,, Btu/hr-100 F-1b

Recuperator
1 2 3

Louvered- Rectangular- Plain-
triangular  strip triangular
0.00253 0.00122 0. 00033
367 698 2,665
0.25 0. 10 0. 05
0,006 0.004 0.001

0. 006 0.004 0.001

11.1 20 93

0.91 0.85 0.89

0. 030 0.0275 0.014

0. 0065 0.0071 0.0035
154 213 108

0.49 0.71 0.83

0.61 0.76 0. 86
0.722 x 105 2,44 x 105 6.13 x 105
4,530 2,560 4,480
3.02 2.48 2.38

3.33 2,92 2.66

1.82 1.71 1.63

4,07 1,48 0,71

12. 32 3.67 1.68

13. 56 4,32 1,89

585 310 100

1,007 0.992 0.992
3.20 3.20 3.20
8,700 5,130 1,450
9,260 5,470 1,540
8.61 x 10° 27.0 x 10° 61.7 x 10°
1.99 x 104 3,76 x 104 11.7 x 10%
1,75 1,44 1,25

75 70 65

1,020 325 145

2.25 2.25 2.25

6.0 2.2 1.0

120 45 20

21.3 8.0 4.1

1,800 750 330

5.48 x 10° 14. 6 x 103 28. 4 x 105
6.48 x 103 15.5 x 103 35,4 x 103

Precooler
1

Rectangular-

strip
0.00153

550
0,255
0.022
0.006
16
0.72

Hot Side Cold Side

0.026 0.038
0,0072 0.0105
136 53.3
0.76 0.88
0.80 0.90

2.17 x 105 2.56 x 105
i

5,520
28.5
39,6

2.85
0.176
5,02

14. 0

680

10. 1

18. 2

6,480 =

= 2,190
7.62 x 105
1.57 x 104

144*
573%*

Incl. with manifold

None required
None required
None required

128*
1,253*
0.83 x 105
8.5 x 103

*Excluding fans and motors.
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FIGURE 10, RECUPERATOR CORE SIZES
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radius, but the flow length is markedly aifected. However, because the flow areas
change very little, the manifold volumes likewise do not change much and thus they
become a larger percentage of the total volume.

Figure 11 reveals that very little advantage would be gained by trying to achieve
still more compact surfaces than used in the Recuperator 3 design.

Recuperator 1 incorporated a typical heat-exchanger surface now being produced
by manufacturers in general and represents about an average hydraulic radius. This
design might be considered an "off-the-shelf' possibility. The surface used was
designated as "1/4 — 11, 1" in Reference (124).

Recuperator 2 is a design which could be realized by utilizing manufacturing
capabilities, but most manufacturers are not tooled for such a compact surface configur-
ation. This design might represent a "practical" state-of-the-art limit. This surface
was designated as ''20. 06R-.100/.098-1/8(0)-. 004(AL)" in Reference (46).

Recuperator 3 is a design considered to be an ultimate goal, representing experi~
mental test cores of some manufacturers, but which could be realized only with extreme
difficulty and extensive development of manufacturing techniques. This core design
might represent an''ultimate" state-of-the~art limit, approachable in the next 5to 10years.
It should also be noticed that in this instance, the core design approaches the practical
limit, mentioned previously, of having a flow length about half that of the nonflow
dimensions; thus the manifold volume is almost equal to the core volume itself. Per-
haps the over-all volume of Recuperator 3, including manifolds and insulation, might
have been reduced slightly if the flow area had been optimized by finding the optimum Ap
and Ny, ratios to accomplish this, but it is not too likely. The core volume would in-
crease because the length would increase, but the manifold volume would decrease be-
cause the flow area would decrease, However, it is not known whether or not the de-
crease in the manifold volume would exceed the increase in insulation and core volume,
because this design was not investigated. The surface used for the Recuperator 3 design
was a one-half scale version of the surface designated as '"46,45T-, 100/, 100-2. 63(P)-
.002(S. S. )" in Reference (46).

CALCULATIONS

Minimum-Core-Volume and Flow-Area Equations

The objective sought in deriving expressions for minimum core volume and flow
area was to optimize the pressure ratio, the Ny, ratio, and the hydraulic radius ratio
between the two fluid sides of the core.
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Minimum Volume Requirements

The equation for the core volume on one side was derived in the appendix,
Equation (A~33), and is*

V= (2/8)1 3 w4 3@py V3 g, ) o V3 ) (e ¥ 3mg 4 3e/5) 1 3(e; 5 1] L (a-33)
Now, letting Vi represent the total void volume of both sides of the core, we can write

V, = KC(NtuC)4/3(ApC)'1/3(rhc)4/3 + Kh(Ntuh)4/3(APh)_1/3(rhh)4/3 ] 2)

N

where
K = (@/g) 3N )8 V) 3ng )4 34ar )1 3, (3)

and the subscripts ¢ and h refer to the cold and hot sides, respectively. For a given

Set of heat-exchanger-design conditions, K is essentially constant. Now, letting N,

P, and R represent the Ny, ratio, (Ntuh/Ntuc)J the Ap ratio, (Apy/Ap.), and the ry ratio,
(rhh/rhc), respectively, we have an equation of the form

Vt = Vt(N:P:R) ) (4)

in which V_is a function of the three variables N, P, and R. Therefore, we can
determine N, P, and R ratios that will yield a minimum volume by setting
v,
_—=0
SN (5)
i/
oP
oR

0 (6)

=10 (7)

and solving these equations simultaneously. However, the hydraulic radius ratio, R,

is such a predominating influence that the other ratios are of relatively minor importance
and probably cannot be achieved without going to a larger volume. It must also be re-
membered that these equations refer to the total void volume of the core only,

After differentiating Equation (2) with respect to N, P, and R and setting the re-
sulting expressions equal to zero, as indicated in Equations (5), (6), and (7), we obtain
the following equations:

N = N'Cuh/Ntuc = (Aph/ApC)l/Z(Wc/wh)é/7(Cpc/Cph)3/7(NPrC/NPrh)8/Zl(“‘hph/“cpc)l/'?

(en /) ey, 1e5 13/ g img 47 Uel5) /(0151 1 T e

*Terms are defined on a fold-out nomenclature page in the appendix to this report.
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2/3 1/4

U
|

i APh/Apc = (Ntuh/Ntuc)(Wh/wc)3/4(ph/pc)3/4(NPrh/NPrc) ('U'cpc/'uhph)

(rhh/rhc)(cjc/cjh)3/4(715(:/%}1)[(f-/j)h/(f/i)c]1/4 . L

R=ry /ry, =0. 10
b/ Th (10)
This last equation indicates that rhh should be made as small as possible to achieve

minimum volume, but obviously Thy, cannot equal zero. Therefore, if The is fixed and

assumed to be the minimum practical hydraulic radius that can be used in a given heat-
exchanger-core design, then we can conclude that Thy, should equal ry, , or R =1 for
c

minimum core volume,

Solving Equations (8) and (9) simultaneously, we find that we can obtain minimum
core volume when

N = Nogy /Ny, = (wc/wh)7/s(ph/pc)1/8(cpc/cph)1/2(NPrC/NPrh)1/3(phph/,icpc)1/8
(rhc/rhh)1/Z(CJh/Cjc)3/8(71sh/”sc)1/2 [&/5), (f/J')h]l/8 (T
P = Aph/ApC = (wc/Wh)l/S(ph/pc)7/8(Cp /Cph)l/Z(NPrh/NPrc)l/3(IJ'C'OC/IJ'hph)1/8
C
1/2 3/8 21 (¢/ .y 11/8
(rhh/rhc) (Cjc/cjh) / (nsc/nsh)l/ [(E/3)n/ (E15) ] / > (12)
and we see that
Apy/Bp, = (Npa /Ny ) [Pr/pedlep /ep Wwe/wh) ] (13)
or
Ntuh/Ntuc = (ApC/Aph) [(ph/pc)(cpc/cph)(wc/wh)] : (14)

However, as pointed out previously, rhh = rhc for minimum volume, and for this
design requirement, the above equations, (11) and (12), become incompatible with
the requirement of R = 1, which fixes the Ap and Ny, ratios. Therefore, Equa-
tions (11) and (12) are not useful, because simply making the hydraulic radius equal
for both sides and as small as practical will result in the minimum core volume for
that particular surface.
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Minimum-~Flow-Area Requirements

The equation for the required flow area on one side of the core was derived in the
appendix and is

Ay = wl(1/26) N/ 8p)Np, 2/ 31 o)e/5)1/m )1 2, (A-29)
.and for the total flow area, A;, we can write
A=Y, (Ntuc/Apc)l/Z + Y (Ntuh/Aph)l/Z , (15)

where

213 o) el5)1/ms) 1M 2 (16)

Y=w [(1/28)(NPr
We now have an equation of the form

Ay = A¢ (N,P) , (17)

in which A; is a function of the two variables, N and P. It will be noticed that flow area
is not directly a function of the hydraulic radius. .

Following the same procedure as outlined for obtaining minimum volume, we can
also obtain the optimum Ny, and Ap ratios that will result in minimum flow area, The

results only are given below.

For minimum flow area:

N =Ny, Ny = (/) ey /po) Hep fep, )Y 4(1\rprc/1\rl__,rh>3/ o/ P/ 4

tuy
(nsh/nscﬂf‘*[(f/j)c/(f/bh]”‘1 (18)
P =Ap, /Ap, = (Wh/Wc)1/4(ph/pc)3/4(Cpc/Cph)3/4(Nprh/NPrC)3/4(pc/ph)1/4
(g 11 A e YR (19)

and again Equations (13)and (14) express the relationship between the ratios of

N, and Ap. By comparing exponents in Equations (18) and (19) with those in

(11) and (12), we see that different ratios are required to achieve either minimum
volume or minimum flow area. Again it should be pointed out that the hydraulic radius
should be equal on each side of the core to produce a minimum volume design, and this
will cause considerably different N, and Ap ratios than are calculated from

Equations (11), (12), (18), or (19).

The minimum-area equations would be used only for a situation requiring minimum
frontal, or flow, area. All the minimum-volume equations are not needed, because

simply by making the hydraulic radius as small as possible on both sides, the minimum
core volume will result,
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Estimating Core Volume and HTD With P Data

An estimated core volume and HTD can be obtained from the P_ data plot,
Figure 3, together with Equation (A-37), which is

Correction | _ Design B

HTD [ Factor ] =t [Parameter] ’ (A-37)
where
=2 -
C ti | 1/3 8/9,0)=1/3(c "1

[ o:;;:tcolron] = Eclcmin)(Ntuo/AP) (Np 8 o)1 3(cp) ] (A-41)
P, = [(gml/3(cj>ms>4’3(rh)‘4/3(f/j>‘1/3} (A-42)

Design _ 4/3 )
[Para_meter] - (Ntuo/Ntu) (A-43)

We can solve Equation (A=37) for V, which is the void volume on one side of the
heat-exchanger core, and we obtain

V = (Q/ATln) [Correction] /Pc [ Design :| . (20)

Factor Parameter

If we assume both sides of a counterflow heat-exchanger core have equal
hydraulic-radius surfaces, and equal areas, then

V=2V . ' (21)

The procedure for estimating core volume and HTD for a given heat-
exchanger application is outlined below:

(1) Calculate the correction factor for one side of the heat-exchanger core
using the design conditions specified.

(2) Choose a particular surface having the desired hydraulic radius and find
from Figure 3 the average P. expected. The P, could be calculated if the j, f,
and 7g are known.

(3) Estimate the design parameter. This value will equal 1/2 for a balanced
(Cr = 1) heat exchanger, with equal flow areas on both sides.

(4) Solve Equation (20) above for the core volurmne on one side and double this
to obtain the over=-all void volume of the core. Then Equation (A-34) can be used to
calculate the total HTD for both sides by substituting in this total volume, or
Equation {A~37) can be solved for HTD.
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An example problem is given below to illustrate the technique and compare the
results with the detailed recuperator design given previously., The design conditions
listed in Table 5 and the fluid properties given in Table 6 are used.

Step 1. Use the cold-side parameters to calculate the correction factor of
Equation (A~41):

Cc = (wep), = (108,000 1b/hr)(0. 262 Btu/lb F) = 28,300 Btu/hr F
Ce = Cmin 4

SO
C/Cphin = 1
Ny, = Q/ATi, Crmin = (17. 5 x 108 Btu/hr/150 F) (28,300 Btu/hr F)
Ny, = 412 .

For the assumptions of AXc = AXh, Lo = Ly, ry = rhh, and fc = fh, Equation (A-25)
C

gives the ratio
Apy /Ap. = p.lpy (22;
We will now let
€ = (Apy/ApcNpc/pp) = (Ap/p)y/(Ap/p). . (23)

Combining (23) with the specification

(Ap/p), + (Ap/p), = 0.04 , (24)
we obtain E
Ap. =p. 0.04/(6 +1) . (25)

Combining (22) and (23), we have
€= p.P./ppPy
£ = (1. 037 1b/£t3)(500 psia)/ (0. 324 1b/t3)(175 psia)
£=29,14

So, using Equation (25),

Ap_ = (500 psia)(144)(0. 04)/10. 14
Ap, = 284 1b/ft2
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The average fluid property values were either obtained from handbooks or calculated,

and are
Npy, = 0.69
B = 0.078 Ib/hr-ft
pe = 1,037 1b/£t3
°p_ = 0.262 Btu/lb F .

Inserting all these values into Equation (A-41) gives

[correcnon] = 1.55 hr1/3 F £t2/Btu . (26)
Factor

Step 2. The same surface used for the design of Recuperator 2 will be assumed for
both sides of the core. From the graph of P_ versus r, Figure 3, this surface had a

P_ = 3.65x 10°/hr?/ 31t

The design studies discussed previously had a calculated P¢ value for the Recuperator 2
design of 2.44 x 105/hr2/3ft. The difference between the graph and the calculated value
arises because the actual g was 0. 76 and the Reynolds number was around 5,000 for
each side, whereas the P_ data in Figure 3 is based on a Ng = 0. 95 and usually a Reynolds
number near 1,000, Therefore, we must correct any P_. data taken from the graph,
especially to account for expected differences in 7). It will be realized that estimated
volumes will deviate from actual design values to some extent, depending on how much
the shape of the j and f curves changes over the range of Reynolds numbers, how ac-
curately the 7g is predicted, etc. If we correct this P of 3. 65 x 105 to account for a
surface effectiveness of 0. 76 instead of 0. 95, we will have

P, = 3.65 x 105 (0. 76/0.95)%/% = 2,61 x 105/n:2/3 1 . (27)
This value now agrees much more closely with the value found in the actual design.
It is realized that the accuracy of this estimating method is very dependent on assuming
Tg accurately.
Step 3. The design parameter will be taken to be

4/3 _ 4/3 _
(Ngy /Ny ) I3 (17243 = 0,396 (28)

because the recuperator is very nearly a balanced heat exchanger, having a Cr =0. 98.
Step 4. The previously dete rmined values in Equations (26), (27), and (28) will now be
substituted into Equation (20) to obtain a predicted core volume for the APCDB specifica-
tions using a rectangular strip-fin surface having a hydraulic radius of only 0,00122 ft:

V= (17.5x 106 Btu/hr/150 F)(1. 55 hrl/3 F £t2/Btu)/ (2. 61 x 105/hr2! 3 £)(0. 396)

V=175 ft3 . (29)
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The total estimated void volume of the core will be twice this amount, or

= 3,50 ft3 30
Vtest. ( )

This value compares very favorably with the actual core volume in the design study
of Recuperator 2 (Table 6), which had a total void core volume of

N 3
Ve = 30605565 (31)

Equation (A-34) can be used to estimate the HTD; for the core, using the total void
volume found in Equation (30):

HTD; = (17.5 x 108 Btu/hr)/(150 F)(3.50 £t3)

3.34 x 108 Btu/hr-100 F-£t3 . (32)

HTD,
est,

This value compares favorably with the actual design value of

HTD; . =3.18 x 10® Btu/hr-100 F-ft> | (33)
The above example problem illustrates the usefulness of the P, data~presentation
method. Once the correction facto¥ has been calculated for a particular application,
estimated core volumes can be obtained very quickly for a wide range of heat~transfer
surfaces by inserting various P_ values; thus the relative advantages of using more
compact surfaces can be ascertained. Also, this method yields answers much more
quickly than do actual design calculations, which are described below step by step,

Design of Three Recuperators and One Precooler

The results of the design studies of three recuperators and one precooler were
presented in a previous section, where Tables 5 and 6 outlined the design conditions and
fluid properties used in these calculations and Figures 8, 9, and 10 showed the final
heat-exchanger configurations., The calculation methods will be presented in this section.

Recuperators

The assumptions used in designing the reciperat.rs were:

(1) Counterflow arrangement

(2) Heat transferred only in the core section

(3) Single-sandwich construction, having the same hydraulic radius on both sides
(4) Material conductivity, k = 17 Btu/hr ft F, and material density, d = 480 1b/ft3
(5) Hot and cold fluid-flow lengths equal because of As sumption (1)

(6) Hot and cold fluid-flow areas equal
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(7) Frontal area square in shape
(8) Manifold configuration as shown in Figure 8 with a 30-degree angle
(9) Manifold weight estimated using the core density
(10) Pressure vessel calculated as a cylinder enclosing the core envelope
only and withstanding 500 psia with a tensile stress of 10,000 psi, but
the volume of the pressure ves sel considered negligible because it
was assumed to be included in the insulation thickness
(11) Average insulation thickness calculated to reduce the average core=
surface temperature of 875 to 150 F with a thermal conductivity,
k = 0,018 Btu/hr ft F

(12) Insulation weight estimated on the basis of a density of 20 1b/ft3,

When Equation (A-29) is combined with Assumption (6), an expres sion is obtained
for N;, and Ap ratios, and with Equation (22) written in the form,

App/Ap, = fpPe/fcPn (34)
and substituted in for the Ap ratio, we arrive at the following expression:
Niy, /Ny, = (Np. /N 213G 15 Mng, /Mg ) (35)
tuy’ “Ttue Prc Pry, n'lcMish' s *
Equation (A-8) can be rearranged to give
Niw, = Neu, (Cmin/Ch (Ntuh/ Nig ) * Cpin/Ccl - (36)
A similar expression for Apy, as Equation (25) gives for Ap_, can be derived and is
Apy = phE(0.04)/(€ +1) . (37)

The procedure for designing a recuperator core which satisfies the above
assumptions is enumerated below:

Step 1. Choose a heat-transfer surface having the desired hydraulic radius
and use this same configuration for both sides.

Step 2. Estimate 7jg and Nge.
Step 3. Calculate f/j .
Step 4. Calculate Ntuh/Ntu ratio, using Equation (35).
c
Step 5. Calculate Nty from Equation (36) and Ntuh from the ratio of Ntuh/Ntuc'
Step 6. Calculate App/Apc ratio, using Equation (34).

' Step 7. Calculate Ap, from Equation (25) and Apy with Equation (37).
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Step 8. Calculate flow area for one side, Ay, from Equation (A-29).
[Flow area is the same for both sides, from Assumption (5). ]

Step 9.  Calculate flow length, Ly, using either Equation (A-25) or (A-31).
Step 10. Check Np, assumption, using
NRe =41, G/u=4rpw/A u . (38)
Step 11. Calculate heat-transfer coefficient, h, using the definition
j = No¢ Np, /%, giving
h=jG cp/NPr2/3 . (39)

Step 12. Calculate the fin effectiveness, 7, and surface effectiveness, 7,
using the formulas given in Reference (124):

m = (tanh mL)/mL o (40)
where
m=(2h/k )/, (41)
and
ne=1- (A/ANL -7 (42)

Step 13. Repeat Steps (3) through (12), using these new values, as many times as
necessary to reach satisfactory agreement.

Step 14. Calculate the total void volume of core and find the over=all core volume by

V. =A L (43)

Vo =V/o . (44)

Step 15. Calculate core weight by using material volume, V (1 - 0), and material
density, d, which give

Wt =Vy(l-0)d , (45)

core

Step 16. Calculate the manifold volume, using Assumptions (7) and (8), which
leads to

v = L,2(0.1442) (46)
where

Ln = nonflow lengths ,
and both these lengths were assumed equal in Assumption (7).
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Step 17. Calculate manifold weight, using as sumption (9), s0
Wt = (Vin/ Vo) Wteore - (47)

Step 18. Calculate pressure-vessel weight, using Assumption (10), which yields

= 0,157 Ly,%L,d . (48)
pressure
vessel ’
Step 19. Calculate insulation thickness, using Assumption (11) and assuming an
ambient air temperature of 80 F, which produces an average heat-
transfer coefficient of 1.0 Btu/hr ft2 F, using the equation [Reference (105) ],

h=0.3T)%" 2% . (49)

Step 20. Calculate the outside surface area of the heat exchanger, excluding only the
flow passages, from

A; = A

1 core +Am

- 2
A, =4 LgLy +0.577 Ly . (50)

1

Step 21. Calculate volume and weight of the insulation, using Assumption (12).

Step 22. Calculate over-all HTD and SHT from Equations (A-35) and (1), respectively,
for comparison with other APCDB Recuperator designs using the over-all
sum of volumes and weights, respectively.

The above steps are straightforward; since Table 7 gives the results calculated for
each successive step of the three recuperator designs, the calculations are not included
in this report. Usually about three trials were needed to reach satisfactory agreement
of Steps (3) through (12). It will also be noticed that of the 4 per cent total pressure drop
allowed, 3.61 per cent is on the hot-gas, or low-pressure, side and only 0. 39 per cent
occurs on the cold-gas, or high-pressure, side when equal hydraulic-radius surfaces
are used on each side.

As pointed out earlier, these design calculations produced a core for Recuperator 2
having a total void volume of 3. 67 ft3 (Table 6), whereas P data and a calculation cor=
rection factor for the given fluid and design conditions gave an estimated core void
volume of 3. 50 £t3 when the P, was corrected to the proper Nge

Precooler
LTSS SIS Sy

Initially, a counterflow configuration was also tried for a precooler core, but the
dimensions of the core became absurd, being something like 9 ft square in the nonflow
dimensions and having only a 3-inch flow length, A four-pass ¢ ross-counterflow design
also produced a very odd configuration. Therefore, a pure crossflow design appeared
to give the most realistic shape.
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The assumptions used for designing a precooler were:

(1) Crossflow arrangement, fluids unmixed

(2) Double-sandwich construction, having the same hydraulic radius on both sides
(3) Aluminum materials, with k = 95 Btu/hr-ft-F

(4) Pressure drop on nitrogen side of 1.5 per cent

(5) Pressure drop on air side of 4 in. of water

(6) Capacity=-rate ratio, Cg = 0. 25

(7) Area ratio, Axh/Axc = Lxc/Lxh
(8) Manifold configuration as shown in Figure 9

(9) Manifold headers designed for gas velocities less than 100 ft/sec and as
pressure vessels, using a maximum tensile stress of 5,000 psi at 100 F
or 1,000 psi at 500 F

(10) No insulation required for ambient air-cooled heat exchangers, as
mentioned in the APCDB requirements.

When Equation (A-29) is combined with Assumption (7), the following expression is
obtained for the N, 6 ratio in terms of the Ap ratio:

Rl €0V P gy ey o5 ) = 9,32 Waylap' P )

(Ntuh/Ntuc)
The Ap ratio can be calculated from Assumptions (4) and (5) to give the N, ratio, and
then the individual Ny, of each side can be calculated using Equation (36). These values
are then substituted into Equation (A-29) to give the flow area for each side and into
either Equation (A-25) or (A-31) to give the flow length required for each side. The
procedure to be followed to arrive at a precooler core design is again an iterative
process and follows very closely the procedure outlined above in the section on re-
cuperators, except for substituting the new equations and assumptions just given for the
crossflow design. The values calculated during the precooler design are listed in
Table 7, so detailed calculations will not be outlined. The particular manifold design
chosen requires ten 10-hp axial fans to move 432,000 1b of air/hr through the core with
a pressure drop of 4 in, of water,

A comparison was also made between HTD values calculated using the P_ data
method (Equation A-37) and the design study results for this precooler design. The
correction factors, Equation (A-41), were 1. 93 and 47.0 hrl/3 ft2 F/Btu for the hot
and cold sides, respectively, and the design parameters, Equation (A-43), were 0, 17
and 4. 19 for the hot and cold sides, respectively. The P_ calculated for the surfaces,
assuming both Ng = 0.95, was 2. 68 x 105/hr2/3 ft. From Equation (A-37), the following
equation can be written:

HTD = | Compactness Design Correction (52
Parameter Parameter Factor ' )
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The HTD for each side can now be calculated:

HTDy, = 2.36 x 10% Btu/hr-100 F-ft3 (53)

HTD, = 2.39 x 106 Btu/hr-100 F-it3
The HTD; for the total core void volume can be calculated from the equation (54)
HTD; = Q/ATy, (Vo t Vg o (55)

which can be written as
1/HTD, = (1/HTDy) + (1/HTD.) . (56)
Equations (53) and (54) then combine to give
HTD, = 1.19 x 10 Btu/hr 100 F &> (57)

This value is an optimistic estimate because Tg = 0. 95 was assumed., However, had
the correct values of Mgy, = 0.80 and Mg = 0. 90 been assumed by prior knowledge, a
more realistic estimate would have been obtained. Equation (52) can be corrected in

the following manner:
1/HTD; = [1/HTDh(nsh/0.95)4/3] " [1/HTDC(nSC/o.95)4/3] . (58)

This would then give the following estimate:

HTD, ,, = 1.02x 106 Btu/hr-100 F-ft> (59)
which compares to an actual design value, based on the total void volume of the
core, of
HTD, . =1.07x 10® Btu/hr-100 F-it> . (60)
act.

The final precooler design was shown in Figure 9 with the dimensions and other

parameters enumerated in Table 7.

This precooler design represents a present state-of-the-art capability; using a
more compact surface would not change the flow areas to any extent and would only make
the core thinner, but it is already about as thin as is practical.

Calculations and technical results on this program are recorded in Battelle
Laboratory Record Books Numbers 20507, 20525, 20947, 20969, and 21134.

DISCUSSION

The initial investigation was planned to include some additional theoretical work
regarding other compact-heat-exchanger problems, such as fluids with extreme Prandtl
numbers, change of phase, effects of material and fluid conductivity, and effects of
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radiation, noise, leakage, thermal shock, etc. However, because the number of
reports to be reviewed increased beyond preliminary estimates and because it was
agreed with the sponsoring agency that theoretical studies were to be minimized, only
analytical work on the compactness-parameter derivation and on the optimization study
to minimize core volume and flow areas was pursued to completion. This work was
believed to be essential to make the data meaningful and more generally applicable as
well as to aid in understanding the way in which the several parameters affect compact-
ness. The derivation of the compactness parameter is presented in the appendix. The
optimization equations are given in the Calculations section.

Other phases of this study, which were begun but not completed, led to the
following conclusions:

(1) The compactness-parameter data are useful only for fluids having a
Prandtl number in the range of approximately 0.7 to 10.

(2) Heat conducted through the material longitudinally, in the flow direction,
will not noticeably decrease the effectiveness of the Recuperator 3 design
given herein, even with a spacer-plate thickness as large as 0. 12 in.

(3) The net effect of fluid conductivity is to increase the total heat exchange
[Reference (183)].

(4) Fatigue failures, due to acoustically induced vibrations, can be a serious
problem but can be reduced by proper design of flow passages, fin
spacings, divider plates, ductwork, etc.

CONCLUSIONS

The following conclusions resulted from this study of compact heat exchangers:

(1) The hydraulic radius of the heat-transfer surface is the most important
factor affecting the core volume; the smaller the hydraulic radius, the
more compact will be the core.

(2) Plate spacings of about 0. 10 in. and hydraulic radii around 0. 001 ft
appear to be minimum practical values at the present time.

(3) Surfaces approaching a hydraulic radius of 0.00025 ft have been built
under experimental laboratory conditions, but at present these could
be incorporated into a complete recuperator design only with extreme

difficulty.

(4) The main limitations in manufacturing surfaces more compact than
those in production today are cost of manufacturing and materials,
available machinery, brazing techniques, manifolding difficulty,
dimensional tolerance factors, and the related problems of fouling

and cleaning.
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The requirement of 10,000-hr life will necessitate a development
program, but this objective should be attainable.

The main durability problems are stresses induced by thermal
cycling and pressure fluctuations, high temperatures in recuperator,
different thermal-response rates of core and manifolds, high-
temperature brazing-alloy technology, and perhaps acoustically
induced vibrations.

In general, for any given hydraulic radius surface, the more highly
turbulated the fin design, the higher will be the compactness parameter
within the range shown in Figure 3.

The compactness parameter is accurate only for fluids in the range of
normal Prandtl numbers = about 0.7 to 10.

Relatively few reports were found on heat exchangers using liquid metals
or oils, or of the evaporative or condensing type. Most of the literature
reported tests using air to steam, with only the heat-transfer surface on

the air side analyzed.

None of the papers reviewed contained heat-exchanger designs of sufficient
detail to permit calculation of HTD and SHT as originally defined by
APCDB, which required that the over-all volume and weight include mani-
folds, pressure vessel, insulation, supporting structures, etc. Practically
all of the studies reported in the literature have been conducted only on the
cores themselves and included only such manifolding necessary for the
laboratory setup, which of necessity was bulky to contain mixing chambers
and well-designed diverging sections to produce uniform flow distribution.
Therefore, all the data reported are based on the core surfaces only,
except for the design studies, which estimated volumes and weights for
manifolds, pressure vessel, insulation, etc.

Data correlation was much more accurate when fluid properties and

operating conditions were accounted for by using the compactness-
parameter and corrected heat-transfer density terms derived for this study.

RECOMMENDATIONS

The state-of-the-art limits for compact heat-transfer surfaces are shown in

Figure 3 in terms of hydraulic radius and compactness parameter for three categories:
typical current production, current practical feasibility, and ultimate design. These
limits, summarized below, should serve as a guide to the degree of core-surface com-

pactness attainable in the next few years.

Typical Production Surfaces

By 2 0.002 ft

6.0 x 104 <P_ < 3.8x 10° neo2/3 gl
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Current Practical Limit

ry > 0.001 ft

1.5x% 105 <P, <9.4x 105 hr=2/3 g1 |

Projected Ultimate Design

ry, > 0. 00025 £t
9.6 x 105 < P_<6.0x 100 hr2/3 g1,

The design study of the three recuperators presented in this report was based on
the above three state-of-the-art limits, The study led to predicted core sizes, over-all
volumes and weights, and the over-all heat-transfer density and specific heat transfer
expected for heat exchangers approaching the design limits. These designs, together
with the literature and manufacturer surveys, led to recommended design goals which
could be met or exceeded for the first step of a compact-heat-exchanger deveiopment
for the Army Gas-Cooled Reactor Systems Program. The goals are listed below in the
APCDB definitions of HTD and SHT and are based on the Recuperator 2 design-study

results given previously in Table 7.

Recuperator ;
;

"HTD, > 1.5 x 10® Btu/hr-100 F-ft>

SHT , > 1. 6 x 104 Btu/hr-100 F-1b.

Precooler
HTD, > 8. 3 x 104 Btu/hr-100 F-ft3
SHT , > 8.5 x 103 Btu/hr-100 F-lb.

Values for the precooler do not include the size and weight of fans, fan housings,
or motors, which would depend on the voltage and frequency of the electric power.

It is also recommended that a system optimization study for the entire mobile,
closed-cycle, gas~turbine facility be conducted, using the data and relationships for
required heat-exchanger volume presented in this report.

B/A T TE L & E MEMORI AL INSTITUTE



(1)

(2)
(3)
(4)
)

(6)

(7

(8)

9)

(10)

(11)
(12)

(13)

(14)

(15)

(16)

44

A SELECTED BIBLIOGRAPHY ON HEAT EXCHANGER DESIGN
AND PERFORMANCE COVERING 1945-1963

Ackerman, N., "Regenerator Core Module Thermal Tests — T-600 Engine", Solar,
San Diego, California, Rept. A to Rept. ER-1221, Contract NObs~-8453 (October 25, 1962);
unclassified report. AD-290 234

Adams, D. M., "How Finned Streamlined Heat Exchanger Tubes Perform", Heating , Piping
& Air Conditioning, 33 (2), 131-8 (February, 1961).

AiResearch Manufacturing Co. , Los Angeles, "Dimples Make Difference in Aluminum Heat
Exchangers", Modern Metals, 9 (7) 44, 46, 50 (August, 1953).

Ambrose, T. W., and Knudsen, J. G., "Local Shell-Side Heat Transfer Coefficients in
Baffled Tubular Heat Exchangers', AIChE Journal, 4, 332-7 (September, 1958).

Anderson, Vernon R., "Qualification Test Proposal for the Trane 0-901/8626 Air-0il Heat
Exchanger", Trane Co., La Crosse, Wisconsin (December 15, 1954); unclassified report.
AD-219 308L

Anderson, Vernon R., "Heat Transfer and Pressure Drop Qualification Test of Trane
0-902/150 Oil-to-Air Exchangers (Cores 3 and 4)", Trane Co., La Crosse, Wisconsin,
Rept. LT-1187, Contract NOa(s)54~321 (November 30, 1955); unclassified report.

AD-219 309L

Anderson, Vernon R., "Qualification Test of Trane 0-901/8626 Air-to-Oil Exchanger for
Douglas Aircraft Company', Trane Co., La Crosse, Wisconsin, Contract NOa(s)-54321
(1954); unclassified report. AD-220 972L

Andrews, R. C., and Betz, J. R., "Test Results of Liquid Metal Closed Cycle Coolant
System", MSA Research Corp. , Callery, Pennsylvania, Suppl. Rept. 1, Contract
AF 18(600)1607, Proj. Brass Bell (November 15, 1957); unclassified report.

AD-150 022

Armstrong, R, M., "Heat Transfer and Pressure Loss in Small Commercial Shell-and-
Finned-Tube Heat Exchangers", 67 (8) 675-8]1 (November, 1945). Trans. ASME.

Arni, V.R.S., and Myers, J. E., "Effects of Internal Roughness on Pressure Drop and
Heat Transfer of Integral Finned Tubes", Refrig. Eng., 61, 757-9 (July, 1953) and 874-5
(August, 1953).

Aronson, D., "Design of Regenerators for Gas-Turbine Service", Trans. ASME, 72,
967-978 (1950).

Aronson, D., "Review of Optimum Design of Gas Turbine Regenerators', Trans. ASME,
74, 675-684 (1952).

Aronson, D., "Heat Exchanger Design ~ Relationship Between Heat Transfer Effectiveness
and Pressure Drop", Preprints Heat Transfer and Fluid Mechanics Institute, Stanford
University Press (1954).

Aronson, D., "Heat Exchanger for Package Power Study", Army Engineer Research and
Development Laboratories, Fort Belvoir, Virginia (July 20, 1959). NP-7878

Arpaci, Vedat S., Redlien, John J. , and Clark, John A., "Transient Response of Double-
Fluid Heat Exchangers', Heat Transfer Laboratory, M.IL T. , WADC Technical Rept.
57-482, Contract AF 33(616)3157 (October, 1958); unclassified report. AD-210 251

Ashley, C. M., "Method of Analyzing Finned Coil Heat Transfer Performance", Refrig.
Eng. , 51, 529-32 (June, 1946).

BATTELLE MEMORIAL INSTITUTE



(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

45

Barnes, David R. , Cherish, Peter, and others, "Liquid Metal Regenerator for a Light-
Weight Turboshaft Engine", Curtiss~Wright Corp. , Quehanna, Pennsylvania, TREC
Technical Rept. 61-47, Contract DA 44-177-TC-687 (November 20, 1961). PB-~160 455

Bates, H. T., "Distribution of Temperature in 1-2~ and ]1-4-Pass Heat Exchangers',
AIChE Journal, 2 (1), 82-7 (March, 1956).

Baxter, D. C., "Flow Losses in Heat Exchangers With Oblique Flow Ducts — A Summary
of Available Design Information", Stanford University Dept, of Mech. Eng., Technical
Rept. 25, Contract Néonr-251, Task Order 6 (June, 1955); unclassified report.

AD-70 394

Belkin, M., and Rosen, M., "Water Cooling of Electronic Equipment Azimuth Range
Indicator IP-97A/SPA-8 Commercial Type Heat Exchangers", Final R & D Rept. 16
(April 16, 1958). AD-203 884

Bell, K. JI., "Exchanger Design. . . Based on Delaware Research Program", Petroleum
Engr., 32 (11) C28-36, 40a-c (October, 1960),

Bennett, E. F. P., "A G R Boilers", Nuclear Eng. , 4 (40), 291-3 (July, August, September,
1959),

Bergelin, O. P., Brown, G. A., Hull, H. L., and Sullivan, F. W. s> YHeat Transfer and
Fluid Friction During Viscous Flow Across Banks of Tubes = III, Study of Tube Spacing
and Tube Size'", Trans. ASME, 72 (6), 881-8 (August, 1950),

Bergelin, O, P., Brown, G. A., and Doberstein, S. C., "Heat Transfer and Fluid Friction
During Flow Across Banks of Tubes — IV", Trans. ASME 74 (6), 953-60 JAugust, 1952).

Bergelin, O.. P., Brown, G. A. » and Colburn, A. P., "Heat Transfer and Fluid Friction
During Flow Across Banks of Tubes — V. A Study of a Cylindrical Baffled Exchanger
Without Internal Leakage", Trans. ASME, 7_6, 841 (1954),

Bergelin, O. P., Bell, K. J. » and Leighton, M. D., "“Heat Transfer and Fluid Friction
During Flow Across Banks of Tubes — VII. Bypassing Between Tube Bundle and Shell",
Chem. Eng. Progr., 55, Symposium Ser. No., 29, 45-58 (1959).

Bergles, Arthur E., and Rohsenow, Warren M. s "Forced-Convection Surface-Boiling Heat
Transfer and Burnout in Tubes of Small Diameter'", M, I, T. » Rept. 8767-21, Contract
AF 19(604)-7344 {(May 25, 1962).

Blanchard, M. K., "High Temperature Heat Exchanger", A. O. Smith Corp., Milwaukee,
Wisconsin, Rept. ARL~HE-2]12 (June 1, 1952 - September 30, 1963); unclassified report,
AD-24 892

Boelter, L. M. K. » Miller, M, A., Sharp, W. H., Morrin, E. H., Iverson, H. W. , and
Mason, W. E., "An Investigation of Aircraft Heaters. IX — Measured and Predicted
Performance of Two Exhaust Gas~Air Heat Exchangers and an Apparatus for Evaluating
Exhaust Gas-Air Heat Exchangers", NACA, ARR (WR W=20), March, 1943,

Boelter, L. M. K., Dennison, H, G. s Guibert, A, G., and Morrin, E, H., "An Investigation
of Aircraft Heaters, X — Measured and Predicted Performance of a Fluted-Type Exhaust
Gas and Air Heat Exchanger", NACA, ARR (WR W-16), March, 1943,

Boelter, L. M. K., Miller, M. A, > Sharp, W. H., and Morrin, E. H., "An Investigation of
Aircraft Heaters, XI — Measured and Predicted Performance of a Slotted-Fin Exhaust Gas
and Air Heat Exchanger'", NACA, ARR 3D16 (WR W-15), April, 1943,

Boelter, L. M. K., Dennison, H. G. s Guibert, A. G., and Morrin, E. H., '""An Investigation

of Aircraft Heaters. XII~ Performance of a Formed-Plate Crossflow Exhaust Gas and Air
Heat Exchanger", NACA, ARR 3E10 (WR W-17), May, 1943,

BATTELLE MEMORI AL INSTITUTE



(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

46

Boelter, L.M. K., Guibert, A. G., Miller, M. A., and Morrin, E. H., “"An Investigation
of Aircraft Heaters, XIII — Performance of Corrugated and Noncorrugated Fluted Type
Exhaust Gas-Air Heat Exchangers", NACA, ARR 3H26 {WR W-18), August, 1943,

Boelter, L.M. K. , Guibert, A. G., Rademacher, J. M., and Sloggy, L.J.B., "An
Investigation of Aircraft Heaters. XIX — Performance of Two Finned-Type Crossflow
Exhaust Gas and Air Heat Exchangers', NACA, ARR 4H21 (WR W-25), August, 1944,

Boelter, L. M. K., Guibert, A. G., Rademacher, J. M., Romie, F, E,, and Sanders,

V. D., "An Investigation of Aircraft Heaters. XX — Measured and Predicted Performance
of a Finned-Type Cast-Aluminum Crossflow Exhaust Gas and Air Heat Exchanger", ‘
NACA, ARR 5A08 (WR A-28), April, 1945,

Boelter, L.M. K., Guibert, A. G., Rademacher, J. M., Romie, F. E., Sanders, V., D.,
and Sloggy, L.J. B., "An Investigation of Aircraft Heaters. XXI - Measured and Pre-
dicted Performance of a Flattened-Tube Type Crossflow Exhaust Gas and Air Heat Ex-
changer'", NACA, ARR 5A10 (WR W-27), April, 1945,

Boelter, L.M. K. , Guibert, A. G., Rademacher, J. M., and Sanders, V. D, , "An
Investigation of Aircraft Heaters., XXIII — Measured and Predicted Performance of a
Flat-Plate Type Exhaust Gas and Air Heat Exchanger', NACA, ARR 5A12 (WR W-29),
April, 1945.

Boelter, L, M. K., Guibert, A. G., Romie, F. E., Sanders, V. D., and Rademacher,
J. M., "An Investigation of Aircraft Heaters. XXXI - Summary of Laboratory Testing of
Several Exhaust-Gas and Air Heat Exchangers', NACA, TN 1455, July, 1949.

Boland, J. P., Schlagel, L. A., and Alpert, S., ""Lightweight Metal Foil Heat
Exchangers', Solar, San Diego, California, Interim Technical Rept. 4, Contract
AF 33(657)8766, Proj. 7 936 (March 18 — June 17, 1963); unclassified report. AD-411 441

Boni, Frank, and Otten, Philip S., "Fermi and Hallam Steam Generators'", Nucleonics, 19
(6) 58-61 (June, 1961).

Bowden, A. T., and Hryniszak, W., "The Rotary Regenerative Air Preheater for Gas
Turbines", Trans. ASME, 75, 767 (1953).

Bowman, R. A., "Air-Cooled Steam Condensers", Trans, ASME, 67, 661 (1945).

Bowman, R. A., Mueller, A. C., and Nagle, W. M., "Mean Temperature Difference in
Design", Trans. ASME, 283 (May, 1960).

Breidenbach, E. P., and O'Connell, H. E., "Predicting Commercial Heat Transfer
Coefficients", Trans. AIChE, 42 (5,6) 761-76 (October-December, 1946) and Petroleum
Engr., 18 (10) 191-2, 194, 196, 198 (July, 1947).

Bridgnell, D. , and Walters, F. M., "Development of Recuperator 178620-1 Turboshaft
Gas Turbine Aircraft Engines', AiResearch Manufacturing Co, , Los Angeles, Rept. -
L 9149 R, Contract NOw62-0598c (August 28, 1962); unclassified report. AD-408 489

Briggs, D. C., and London, A, L., "The Heat Transfer and Flow Friction Characteristics
of Five -Offset Rectangular and Six Plain Triangular Plate-Fin Heat Transfer Surfaces',
Stanford University, California, Technical Rept, 49, Contract Nonr-22523, Proj. NR-090-
342 (November 30, 1960); unclassified report. AD-252 244

Brooks, R. D., and Rosenblatt, A. L., "Nuclear Power Plants; Design and Periormance
of Liquid-Metal Heat Exchangers and Steam Generators'", Mech, Eng., 75, 363-8
(May, 1953).

Brown, H. E., Amstead, B. H., and Short, B. E., "Temperature and Velocity Distribution
and Transfer of Heat in a Liquid Metal", Trans. ASME, 79, 279 (1957).

8 ATTELLE MEMORIAL INSTITUTE



g WS  GEREy W e

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

47

Brown, William F., Fisher, Ray W., and Black, Henry M., "Design, Construction, and
Performance of Two Compact Air Cooled Sodium Heat Exchangers', Iowa State University,
Ames, lowa, Contract W-7405-eng-82, IS~562 (May, 1963). N63-18797

Burke, J. C., Ruccia, F. E., Hinckley, R. B., and Reid, R. C., "Water and Carbon
Dioxide Freeze-OQut in High Performance Heat Exchangers", Arthur D. Little, Inc.,
Cambridge, Massachusetts {(1963); unclassified report. AD-406 174

Carr, F., Rounthwaite, C., and Young, P. A., "Evaluation of Finned Tubes for Steam
Generators in Gas Cooled Power Reactor Systems'', Proc. of the Second United Nations
International Conference on the Peaceful Uses of Atomic Energy, Geneva, Vol 7,
Reactor Technology, pp 835-9 (1958).

Combustion Engineering, Inc. , Chattanooga, Tennessee, "Test Results and Fabrication of
Two Ferritic Stainless Steel Model Heat Exchangers", Final Rept. Serial No. 537-169,
Contract NObs-67000 (April 1, 1957); unclassified report. AD-219 073

"Compact Horizontal Air Heater; Thermobloc Multipass", Engineer 215, 793
(April 26, 1963).

Cooper, M. H., "Pressure Drop of Heat Exchanger Tube Spacers", Oak Ridge National
Laboratory, Tennessee, Contract W-7405-eng-26 (November 28, 1955). CF-55-11-180

Coppage, J. E., and London, A, L., "The Periodic-Flow Regenerator — A Summary of
Design Theory", Trans. ASME, 801 (1954).

Cox, L. R., Gill, R., Horvath, J., Saco, F. W., and Stevens, R., '""The Evaluation of a
Liquid Metal Regenerator for a 3750 HP Turboprop Engine", Wright Aeronautical Division,
Curtiss-Wright Corp., Wood-Ridge, New Jersey, Serial Rept. CTR.00-275, Contract
NOw62-0601 (May 15, 1963); unclassified report. AD-407 471

Cox, M., and Stevens, R.K. P, , "Regenerative Heat Exchanger for Gas-Turbine Power-
Plant", Inst. Mech., Eng. Proc., 163, 193-205 k1950).

Creswick, F. A, , "A Digital Computer Solution of the Equations for Transient Heating of a
Porous Solid, Including the Effects of Longitudinal Conduction", Industrial Mathematics, 8
(1957). -

Crofts, T.I1. M., and Gambles, D., '""Heat Transfer Tests on Aluminum Bonded Stainless
Steel Heat Exchangers', United Kingdom Atomic Energy Authority, Great Britain
(October 21, 1955); unclassified report. AD-208 515

Dabora, E. K., Moyle, M. P., Phillips, R., Nicholls, J. A., and Jackson, P. L.,
"Description and Experimental Results of Two Regenerative Heat Exchangers", Chem. Eng,
Progr. , 55, Symposium Ser. 29, 21-8 (1959).

Diaguila and Livingood, "Rapid Determination of Core Dimensions of Cross-Flow Gas-to-
Gas Heat Exchangers', NASA, TN 3891 (1956).

Diamond, J. , Hall, W. B., and Worley, N. G., '"Secondary Surfaces for Heat Transfer in
Gas-Cooled Nuclear Power Reactor Systems', Proc. of 1961-62 International Heat Transfer
Conference, ASME p D-222.

Dinan, John J., "Basic Heat Transfer and Flow Friction Data for Gas Turbine Plant
Regenerator Surfaces", USN Engineering Experiment Station, Annapolis, Maryland, E. E,. S,
Repts. C-2171-D (August, 1947); C-2171-E; C-2171-F; C-2171-G (June, 1949).

Douglas, T. B., *'Specific Heats of Liquid Metals and Liquid Salts*, Trans. ASME, 79,
23 (1957). : i

BATTELLE MEMORIAL INSTITUTE



(65)

(66)

(67)

(6R)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(17)

(78)

(79)

(80)

48

Draycott, A., and Lawther, K. R., "Improvement of Fuel Element Heat Transfer by Use of
Roughened Surfaces and the Application to a 7-Rod Cluster"™,  Proc, of 1961-62 International
Heat Transfer Conference, ASME, p 543.

Eckert and Diaguila, "Method of Calculating Core Dimensions of Cros s-Flow Heat
Exchanger With Prescribed Gas Flows and Inlet and Exit States", National Adv. Committee
for Aeronautics, NASA, TN 3655 (1956).

Eckert, E.R.G. , and Irvine, T. F., Jr., ""Selection of Optimum Configurations for Heat
Exchanger With One Dominating Film Resistance", NASA, TN 3713 (June, 1956).

Eckert, E, R.G. , and Drake, Robert M., Jr., Introduction to the Transfer of Heat and
Mass, Second Edition, McGraw=-Hill Book Co., Inc., New York (1959), Chapter 7,
pp 190-200.

Einstein, Thomas H. , "Analysis of Heat Transfer and Pressure Drop for a Gas Flowing
Through a Set of Multiple Parallel Flat Plates at High Temperatures', National Aeronautics
and Space Administration, Washington, NASA Technical Note D-1165 (Decembér, 1961);
unclassified report. AD-268 346

Fax, D. H., and Mills, R. R., Jr., "Generalized Optimal Heat-Exchanger Design", Trans,
ASME, 79, 653-61 (April, 1957).

Ferris, John R. , "Liquid Metal Regenerator Feasibility Study for a Light-Weight Turboshaft
Engine", Curtiss-Wright Corp. , Quehanna, Pennsylvania, Contract DA 44-177-tc-687,
Proj. 9R38-01-020-08, TREC TR 61-46 (April, 1961); unclassified report. AD-263 594

Foster, K. W., "Thermal Performance of the SRE Main Intermediate Heat Exchanger",
Atomics International, Division of North American Aviation, Inc., Canoga Park,
California, Contract AF-11-1-GEN-8 (June 15, 1960). NAA-SR-3775

Fraas, A, P., "Design Precepts for High-Temperature Heat Exchangers'', Nuclear Sci.
and Eng. , 8, 21-31 (July, 1960).

Friedland, Aaron J. , Dwyer, Orrington E., Maresca, Michael W. , and Bonilla, Charles F.,
UHeat Transfer to Mercury in Parallel Flow Through Bundles of Circular Rods", Proc. of
1961-62 International Heat Transfer Conference, ASME p 526.

Fusner, G. R.-, "Heat-Exchange Equipment for a 5000-kw Gas-Turbine Generator", Mech.
Eng., 72, 316-20 (April, 1950).

Gardner, K. A., "Efficiency of Extended Surface”, Trans. ASME, 67, 621-631 (1945).

Gardner, H. S., and Siller, L , "Shell-Side Coefficients of Heat Transfer in Baffled Heat
Exchanger", ASME Advance Paper 46-A~5 (December, 1946).

Gedeon, Louis, Conant, Charles W., and Kaufman, Samuel J. , "Experimental Investigation
of Air-Side Performance of Liquid-Metal to Air Heat Exchangers”, Lewis Research Center,
Celeveland, Ohio, NACA RM E55L05 (March, 1956). N62-63644

Gedeon, Louis, "Experimental Investigation of Gas-Side Performance of a Compact
Finned-Tube Heat Exchanger", Lewis Research Center, Cleveland, Ohio, NASA Technical
Memo. 4-30-59E (May, 1959); confidential report. AD-307 439

Gel'fenbeyn, L. G., "The Quest for Highly Efficient and Small-Size Heat Exchangers for
Gas Turbine Installations', Trans. of Energomashinostroyeniye, USSR, 4(1) 27-30 (1958).

BATTELLE MEMORIAL INSTITUTE

%

-




Mwmwmu*wmmmmm

(81)

(82)

(83)

(84)

(85)

(86)

87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

49

Gel'fenbeyn, L. G., "Selection of Efficient Heating Surfaces for Heat Regenerators of Gas
Turbine Plants'', Aerospace Technical Intelligence Center, Wright-Patterson Air Force
Base, Ohio, Trans. MCL~1242 of Izvestiya Akademii Nauk SSSR — Otdeleniye
Teknicheskikh Nauk - Energetika I Avtomatika 1, 62-69 (1960); unclassified report.
AD-265 700

Gouse, S, William, Jr., "An Index to the Two-Phase Gas-Liquid Flow Literature — Part I",
Dept. of Mechanical Engineering, M.I. T., Rept. DSR 8734-1, Contract Nonr 1841-73
(May, 1963).

Gouse, S. William, Jr. , and Chen-Chieh Hwang, "Wisual Study of Two-Phase One-
Component Flow in a Vertical Tube With Heat Transfer", Dept. of Mechanical Engineering,
M.l T., Rpt. 8973-1 (June, 1963).

Grassmann, P., and Hildesheimer, H., "Druckabfall und Waermeuebergang eines
Waermeaustauschers neuartiger Konstruktion", Chemie-Ingenieur-Technik, 26 (11)
601-3 (November, 1954).

Green, F. H., and King, L. S., "Influence of Tube Shape on Heat-Transfer Coefficients in
Air to Alr Heat Exchangers', Trans. ASME, 68 (2) 115-22 (February, 1946).

Grosh, R. J., and Cess, R. D., "Heat Transfer to Fluids With Low Prandtl Numbers for
Flow Across Plates and Cylinders of Various Cross Sections"', ASME Paper 57~-F-~29
presented at ASME Fall Meeting, Hartford, Connecticut (September, 1957).

nGuide to Availability of Heat-Exchange Equipment, Based on Information Supplicd by
Manufacturers", Brit. Chem. Eng., 4 (3) 154-9 (March, 1959).

Gunter, A. Y., and Shaw, W. A., "General Correlation of Friction Factors for Various
Types of Surfaces in Crossflow", Trans. ASME, 67, 643-60 (November, 1945).

Haire, A., and Hays, L., '""Energy Conversion Systems Reference Handbook. Volume VII -
Heat Exchangers", AiResearch Manufacturing Co. , Los Angeles, EOS Rept. 390-Final,
Contract AF 33(616)6791, Proj. 4769, WADC TR 60-699, Vol. 7 (September, 1960);
unclassified report. AD-256 881

Hammond, W. E., "Summary - Selected References on Gas Turbines, Regenerative
Cycles, Rotary Regenerators, and As sociated Heat Exchanger and Pressure-Drop
Information", Trans. ASME, J. of Heat Transfer, 81, Series C, 75-78 (1959).

Harper, D. B., and Rohsenow, W. M., "Effect of Rotary Regenerator Performance on
Gas-Turbine-Plant Performance", Trans, ASME, 75, 759 (1953).

Harrison, W. B., and Menke, J. R., "Heat Transfer to Liquid Metals Flowing in
Asymmetrically Heated Channels", Trans, ASME, 71, 797-803 (1949).

Harrje, David T., "Heat Transfer in Oscillating Flow", Princeton University, New Jersey,
Aeronautical Engineering Rept. 483-b, Contract Nonr-185829 {October 1, 1959 ~
September 30, 1960, October 20, 1960); unclassified report. AD-249 670
Hartnett, J. P., and Irvine, T. F., Jr., "Nusselt Values for Estimating Turbulent Liquid
Metal Heat Transfer in Noncircular Ducts", AIChE Journal, 3 (3) 313-20 {September, 1957).

“Heat Power Engineering (Selected Articles)", Foreign Tech. Division, Air Force Systems

Command, Wright-Patterson Air Force Base, Ohio, Trans, FTD~TT=61-106 from

Teploenergetika, No. 3, pp 53-56, 62-64, 1961 (November 6, 1962); unclassified report,
AD=-292 657

Hoe, R. J., Dwyer, O. E., and Dropkin, D., "Heat Transfer Rates to Crossflowing
Mercury in a Staggered Tube Bank. I", Trans. ASME, 79, 899-907 (May, 1957).

BATTELLE MEMORIAL INSTITUTE



(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

50

Hoffman, H. W., Wantland, J. L., and Stelzman, W. J., "Heat Transfer With Axial Flow
in Rod Clusters", Proc. of 1961-62 International Heat Transfer Conference, ASME, p 553.

Holm, S., and Lyerly, R. L., "Design and Performance of an Extended-Surface Regener-
ator for a Gas-Turbine Plant", Trans. ASME, 74, 235-6 (October, 1952).

Hooker, R. J., "Compact Power Plants, Appendix 10", General Electric Co. , Schenectady,
New York, Rept. on Low Maintenance Machinery for Submarine Power Plants, Contract
Nonr-348500 (November, 1961); unclassified report. AD-269 397
Howard, C. P., "Heat-Transfer and Flow-Friction Characteristics of Skewed-Passage and
Glass-Ceramic Heat-Transfer Surfaces', ASME Paper No. 63-WA=-115.

Howells, E., Furry, J. D., and Wylie, R. D., "Investigation of the Effects of Fabrication
of Heat Exchanger Materials', Babcock and Wilcox Co., Alliance, Ohio, Rept. 5366,
Contract NObs-72167 (September 9, 1957); unclassified report. AD-157 497

Hsu, Shao Ti, Engineering Heat Transfer, D. Van Nostrand Co., Inc. , Princeton,
New Jersey (1963), Chapter 9, p 299.

Hyman, Seymour C., "Heat Transfer Coefficients Observed in Small Sodium Exchangers',
Chem. Eng. Progr., 54(10) 81-2 (October, 1958).

Jackson, Richard, and Hillendahl, Wesley H., "Flight Tests of Several Exhaust-Gas-to-Air
Heat Exchangers'', NACA, ARR 4Cl14 (WR A-46), March, 1944.

Jakob, Max, and Hawkins, George A., Elements of Heat Transfer and Insulation, Second
Edition, John Wiley and Sons, Inc., New York (1950), Chapter 7, pp 106, 107.

Jameson, S. L., "Tube Spacing in Finned- Tube Banks", Trans. ASME, 67(8),
November, 1945,

Johnson, H. A., Clabaugh, W. J., and Hartnett, J. P., '""Heat Transfer to Mercury in
Turbulent Pipe Flow'", Trans. ASME, 76, 505 (1954).

Johnson, H. A., Hartnett, J. P., Clabaugh, W. J., and Fried, L., "Orifice~-Metering
Coefficients and Pipe Friction Factors for the Turbulent Flow of Lead-Bismuth Eutectic",
Trans. ASME, 79, 1079 (1957).

Kattchee, Nicholas, and Mackewicz, William V., "Heat-Transfer and Fluid Friction
Characteristics of Tube Clusters With Boundary-Layer Turbulence Promoters'",
presented at the ASME-AIChE Heat Transfer Conference and Exhibit, Boston,
Massachusetts (August 11-14, 1963).

Katz, D. L., and others, '"Heat Transfer Through Tubes With Integral Spiral Fins",
Trans. ASME, 67, 665-674 (November, 1945).

Katz, D. L., and Geist, J. M., "Condensation on Six Finned Tubes in a Vertical Row:
Heat-Transfer Coefficients for Freon-12, n-Butane, Acetone, and Water", Trans. ASME,
70, 907-14 (November, 1948).

Kays, W. M., "Tests of a Strip-Fin Heat Exchang 'r Surface", Dept. of Mech. Eng.,
Stanford University, Technical Rept. 4, Navy Contract N6-ONR-251, Task Order 6,
NR-035-104, ATI201 077 (February 1, 1949).

Kays, W. M., "The Basic Heat Transfer and Flow Friction Characteristics of Plain Plate-

Fin Heat Exchanger Surfaces", Stanford University, Technical Rept. 5, Navy Contract
N6-ONR-251, Task Order 6 (May, 1949). PB-157 277

BATTELLE MEMORIAL INSTITUTE



Powmy ANNE BN Svaew npaeey

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

51

Kays, W. M., "The Heat Transfer and Flow Friction Performance of Three Compact Plate-
Fin Heat Exchanger Surfaces', Stanford University, Technical Rept. 7, Contract
N6-ONR~251, Task Order 6, ATI 66 575 (December 1, 1949). PB-157 276

Kays, W. M., "Loss Coefficients for Abrupt Changes in Flow Cross Section With Low
Reynolds Number Flow in Single and Multiple=Tube Systems'", Trans. ASME, 72 (8)
1067-74 (November, 1950).

Kays, W. M., and London, A. L., "Heat Transfer and Flow Friction Characteristics of
Some Compact Heat Exchanger Surfaces, Part I — Test System and Procedure", Trans.
ASME, 72, 1075-1085; "Part II — Design Data for Thirteen Surfaces”, pp 1087~1097 (1950).

Kays, W. M., London, A. L., and Johnson, D. W., "Gas-Turbine~-Plant Heat Exchangers —
Basic Heat-Transfer and Flow-Friction Design Data", ASME Research Publication
(April, 1951).

Kays, W. M., and London, A. L., "Convective Heat-Transfer and Flow-Friction Behavior
of Small Cylindrical Tubes — Circular and Rectangular Cross Sections'", Trans. ASME,
74 (7) 1179-1189 (October, 1952),

Kays, W. M., and Clark, S. H., "A Summary of Basic Heat Transfer and Flow Friction
Design Data for Plain Plate-Fin Heat Exchange: Surfaces', Stanford University, Contract
N6-ONR-251, Task Order 6, Technical Rept. 17 (August 15, 1953), AD-16 407

Kays, W. M., "Pin-Fin Heat Exchanger Surfaces", Stanford University, Contract N6-ONR~
251, Task Order 6, Technical Rept. 19 (August 30, 1953), AD-17 874

Kays, W. M., "Basic Heat Transfer and Flow Friction Design Data for Flow Normal to
Banks of In-Line Circular Tubes — Use of a Transient Technique", Stanford University,
Contract N6~ONR~251, Task Order 6, Technical Rept. 21 (February 15, 1954); unclassified
report, AD-27 345

Kays, W. M., "A Summary of Experiments and Analysis for Gas Flow Heat Transfer and
Friction in Circular Tubes", Stanford University, Contract N6~ONR-251, Task Order 6,
Technical Rept. 22 (June 30, 1954); unclassified report. AD-4] 805

Kays, W. M., and London, A, L., "Compact Heat Exchangers = A Summary of Basic Heat
Transfer and Flow Friction Design Data'', Stanford University, ContractjN6-ONR-251,
Task Order 6, Technical Rept. 23 (November 15, 1954); unclassified report.

AD-49 051

Kays, W. M., and London, A. L,, Compact Heat Exchangers, The National Press,
Palo Alto, California (1955).

Kays, W, M., "The Heat Transfer and Flow Friction Characteristics of Three Double and
Triple Sandwich High Performance Heat Transfer Surfaces", Stanford University,
Contract Nonr-22523, Technical Rept. 37 \October 1, 1958); unclassified report.

AD-205 360

Kays, W. M., ""The Heat Transfer and Flow Friction Characteristics of a Wavy Fin, a
Strip Fin, and a Perforated Fin Heat Transfer Surface!, Stanford University, Contract
Nonr-22523, Technical Rept. 39 (October 31, 1958); unclassified report.

AD-207 662

Kays, W. M., and Progelhof, R. A., "The Turbulent Heat Transfer and Flow Friction
Characteristics of Plain Plate~Fin Heat Exchanger Surfaces", Stanford University,

Contract Nonr-22523, Technical Rept. 42 (August 1, 1959); unclassified report. g
AD-227 571

BATTELLE MEMORI AL INSTITUTE



52

(128) Kays, W. M., and Loeschner, T. R., ""The Heat Transfer and Flow Friction Characteris-
tics of an Elliptical Pin-Fin Heat Exchanger Surface", Stanford University, Contract
Nonr-22523, Technical Rept. 44 (September 15, 1959); unclassified report. AD-228 668

(129) Kays, W. M., "The Basic Heat Transfer and Flow Friction Characteristics of Six Compact
High-Performance Heat Transfer Surfaces", J. Eng. Power, 82, 27-34 (January, 1960).

(130) Kuehne, H., '"Stroemungs=- und Oberflaechenformen von Waermeaustauschern', Chemie-
Ingenieur-Technik, 27 (11) 644-51 (November, 1955).

(131) Landau, H. G., and Hlinka, J. W., nSteady-State Temperature Distribution in a Counter-
flow Heat Exchanger Including Longitudinal Conduction in the Wall", ASME Paper 60-WA-
60-WA-236,

(132) Lavuntsov, D. A., "Certain Problems Concerning the Theory of Heat Exchange in the
Laminar Flow of a Fluid in Pipes", Aerospace Technical Intelligence Center, Wright-
Patterson Air Force Base, Ohio, Trans. F-TS$-9958 from Teploenergetika, 3, 55-60,
1958 (January, 1961); unclassified report. AD-257 103

(133) Lear, Robert E., "Development Study of a Titanium Air-to-Air Heat Exchanger", Surface
Combustion Corp. , Columbus, Ohio, Contract AF 33(616)2245, WADC Technical Rept.
54-453 (May, 1958); unclassified report. AD-151 156

(134) Lemmon, A. W., Colburn, A. P., and Nottage, H. B., "Heat Transfer from a Baffled-
Finned Cylinder to Air", Trans. ASME, 67, 601 (1945).

(135) Lenfestey, A. G., "Secondary Surface Heat Exchangers", Brit. Chem. Eng., 5 (1) 27-32
(January, 1960).

(136) Livingood, John N. B., and Diaguila, Anthony J., "A Method for Determining Core
Dimensions of Heat Exchanger With One Dominating Film Resistance and Verification With
Experimental Data", NACA, RM E56K26a (January, 1957).

(137) London, A. L., and Ferguson, C. K., "Test Results of High Performance Heat-
Exchanger Surfaces Used in Aircraft Intercoolers and Their Significance for Gas Turbine
Regenerator Design", Trans. ASME, 71, 17(1949).

(138) London, A. L., and Kays, W. M., “Gas-Turbine Regenerator; the Use of Compact Heat-
Transfer Surfaces", Trans, ASME, 72, 611-21 (July, 1950).

(139) London, A. L., and Kays, W. M., "The Liquid-Coupled Indirect-Transfer Regenerator for
Gas-Turbine Plants", Trans. ASME, 73, 529-542 (1951).

(140) London, A. L., Kays, W. M., and Johnson, D. W., WHeat-Transfer and Flow~Friction
Characteristics of Some Compact Heat-Exchanger Surfaces. Part IIl — Design Data for
Five Surfaces", Trans. ASME, 74 (7) 1167-77 (October, 1952).

(141) Look, Bonne C., and Selna, James, "Flight Tests of Several Exhaust-Gas-~to-Air Heat
Exchangers in a B-17F Airplane", NACA, MR (WR A-29), April, 1944,

(142) De Lorenzo, B., and Anderson, E. D., "Heat Transfer and Pressure Drop of Liquids in
Double-Pipe Fin-Tube Exchangers", Trans. ASME, 67 (8) 697-702 (November, 1945).

(143) Lysholm, A., McVeigh, T. J., and Gustafsson, R., "Laboratory Test Results With a
Family of Heating Elements for Ljungstrom Air Preheaters", Proc. of the 1961-62
International Heat Transfer Conference, ASME.

(144) McAdams, W. H., and others, "Local Coefficients of Heat Transfer for Air Flowing
Around a Finned Cylinder", Trans. ASME, 67, 613-20 (November, 1945).

BATTELLE MEMORIAL INSTITUTE



et NS 2NN SRS SR SeNs  Bubw  Geme S S

T RN NEAT BN GRS W B S SN e s e

|

(145)

(146)

(147)

(148)

{149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

53

McDonald, J. S., "Experimental Evaluation of a Concentric-Cylinder, Spiral-Flow Heat
Exchanger'", Atomics International Division, North American Aviation, Inc, , Canoga Park,
California, Contract AT-11~1-GEN=-8 (October 15, 1959). NAA~SR-3747

McDonald, J. S., "Experimental Evaluation of a Sodium-~to-Sodium Heliflow Heat
Exchanger at Temperatures Up to 1200°F,", Atomics International Division of North
American Aviation, Inc. , Canoga Park, California, Contract AT-11-1-GEN-8
(February 28, 1961). NAA-SR~5661

McMahon, H. O., and others, "Perforated-Plate Heat Exchanger", Trans, ASME 72,
623-32 (July, 1950).

MacPherson, R. E., and Yarosh, M. M., "Development Testing and Performance
Evaluation of Liquid Metal and Molten Salt Heat Exchangers', Oak Ridge National
Laboratory, Tennessee (March 17, 1960). CF-60~3-164

Manson, S. V., "Simulated-Altitude Investigation of Performance of Tubular Aircraft Oil
Coolers", NACA, TN 1567 (April, 1948).

Manson, S. V., "Correlations of Heat-Transfer Data and of Friction Data for Interrupted
Plane Fins Staggered in Successive Rows', National Advisory Committee Aeronautics,
Technical Note 2237 (December, 1950).

Martinelli, R. C., Weinberg, E. B., Morrin, E. H., and Boelter, L. M.K., "An In-
vestigation of Aircraft Heaters. IIl — Measured and Predicted Performance of Double
Tube Heat Exchangers", NACA, ARR (WRW=-98) QOctober, 1942,

Martinelli, R. C. , Weinberg, E. B., Morrin, E. H,, and Boelter, L, M. K., "An In-
vestigation of Aircraft Heaters. IV — Measured and Predicted Performance of Longitudin-
ally Finned Tubes", NACA, ARR (WRW-98), October, 1942,

Martinelli, R. C., "Heat Transfer to Molten Metals", Trans, ASME, 947 (1947).

Mason, J. L., and Fukuzawa, J., "Study of Evaporative Heat Tr. nsfer in Air-to~Air Heat
Exchangers", AiResearch Manufacturing Co., Los Angeles, Conty.uict AF 33 (616)2671,
WADC Technical Rept. 56-200 (April, 1958); unclassified repaort. AD~151 092

Messinger, B. L., "Minimum Weight in Heat Exchanger Design', Industrial Aviation, 1,
44-46, 48-49, 102-103 (December, 1944).

Metzner, A. B., "Turbulent Flow and Heat Transfer Rates in Non-Newtonian Fluids",
Delaware University, Newark, Contract AF 18(603)115, Rept. AFOSR TR-59~143
{December, 1959); unclassified report. AD-230 229

Modern Developments in Heat Transfer, Edited by Warren Ibele, Academic Press, New

York (1963), "Measurements of the Thermal Contact Resistance from SS to Liquid Sodium"
(Ernst H. W. Schmidt and Ernst Jung), pp 251-263.

Mondt, James R. , "Effects of Longitudinal Thermal Conduction in the Solid on Apparent
Convection Behavior, With Data for Plate-Fin Surfaces", Proc. of the 1961-62 International
Heat Transfer Conference, ASME, p 614.

Mueller, R. D., O'Reilly, W. J., and Fukuzawa, J., "Study of Integral Storage Water
Evaporative Oil Cooling Systems for High Performance Aircraft", AiResearch Manufac~
turing Co. , Los Angeles, Contract AF 33(600)32000, WADC Technical Rept. 58~245 (1958);
unclassified report. AD-155 581

""Multi-Unit Plate Type Heat Exchanger", Oil Engine and Gas Turbine, 31 (361) 56~59
{(November, 1963).

BATTELLE MEMORIAL INSTITUTE



(161)

(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)

& 54

Mumford, A. R., and Powell, E. M., "Heat-Flux Pattern in Fin Tubes Under Radiation",
Trans. ASME, 67, 693-5 (November, 1945).

Nelson, W. L., "Fin-Tube Exchanger Units", Oil & Gas Journal, 45, 127 (June 29, 1946).

Nicoll, W. B., and Kays, W. M., "The Influence of Temperature Dependent Properties on
Gas Flow Heat Transfer in Circular Tubes", Contract Nonr-22523, Technical Rept. 43
(September 1, 1959); unclassified report. AD-227 572
North American Aviation, Inc, , Downey, California, "Design of Integrally Tubed Cooling
Units", Contract AF 33(600)28469, Rept. AL-2666 (September, 1957); unclassified report.
AD-151 528

North American Aviation, Inc. , Downey, California, "Test and Performance Data of
Ammonia-Water to Glycol-Water Heat Exchangers", Contract AF 33(600)28469, Rept. AL~
2728 (September 23, 1957); unclassified report, AD-151 785

North American Aviation, Inc, , Downey, California, "Heat Exchanger, Hydraulic", SF'S
10 62 28, IDEP 386 60 70 10 F1 02 (October 26, 1962); unclassified report. AD-406 497

North Americar Aviation, Inc., Los Angeles, "Heat Exchanger-Gas Noc, 100-1000 PSIG,
Liquid to Gas", IDEP 386 50 70 20 F1 01, Rept. SFS11 62 5 (November 6, 1962; unclassified
report, AD-409 416

"Novel Heat Exchanger", Reliable Products Manufacturing Co. , Chem. and Met. Eng. ,
52, 127 (January, 1945).

Oak Ridge National Laboratory, Tennessee, "Molten-Salt Reactor Project Quarterly
Progress Report for Period Ending January 31, 1959", Contract W-7405-eng-26
({March 17, 1959). ORNL-2684

Oak Ridge National Laboratory, Tennessee, "Aircraft Nuclear Propulsion Project
Quarterly Progress Report for Period Ending December 10, 1955, A. W. Savolainen,
Editor, Contract W-7405-eng-26, decl. with deletions October 22, 1959. ORNL=-2012

Parsons, P. W., and Gaffney, B, J., "Comparing Fluids As Heat-Transfer Agents",
Trans. AIChE., 40, 655-73 (1944).

Penny, N., "Rover's Turbine Engine Heat Exchanger', SAE Journal, 71, 34-8
(February, 1963).

Petukhov, B, S., and Yushin, A. Ya., "Heat Exchange During the Flow of Liquid Metal in
the Laminar and Transition Regions", Aerospace Technical Intelligence Center, Wright-
Patterson Air Force Base, Ohio, Trans, MCL-993 of Doklady Akademii Nauk SSSR 136,
1321, 1961 (May 26, 1961); unclassified report. AD-259 606

Pirogov, M. S., "Atomic Energy (Selected Articles)", Aerospace Technical Intelligence
Center, Wright-Patterson Air Force Base, Ohio, Trans. MCL-666 from Atomnaya
Energiya 8, 367-370, 1960 (February, 1961); unclassified report. AD-257 685

Plizak, B. T., "Effects of Vibration on Laminar Forced Convection Heat Transfer in a
Conventional Counterflow Plate-Fin Heat Exchanger", Project ADC AV-44012, Rept. NADC~
EL-6148 (August 10, 1961); unclassified report. AD-264 394

Ragsdale, Robert G., "Heat-Transfer and Friction Measurements With Variable Properties
for Airflow Normal to Finned and Unfinned Tube Banks", NASA, Memo 10-9-58E .
(December, 1958); unclassified report. AD-206 738

Reuter, J. George, and Manson, S. V., "Performance Tests of NACA Type a Finned-
Tube Exhaust Heat Exchanger", NACA, ARR E4H22 (WR E-97), August, 1944.

BATTELLE MEMORIAL INSTITUTE



il SN e

(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

55

Rothenberg, Jerome H. , Clement, George C., and Aronson, David, “"Lightweight Steam
Power Conversion System", Worthington Corp. , Harrison, New Jersey, Contract DA 44-
192-eng=-10, Technical Report (August 7, 1959); unclassified report. AD-~225 539

Scheffy, William J., "Thermal Conduction in Liquids'", Princeton University, Project Squid
Technical Rept. PR-85~R (October, 1958); unclassified report. AD-204 891

Schenck, Hilbert, Jr,, "Correlations Relating Heat Transfer and Pressure Drop in Com-~
pact Heat Exchangers", ASME Journal, 69 (4) 767 (November, 1957).

Schlagel, L. A., and Rope, Merrill P., "Development of Manufacturing Methods for

Light-Weight Metal Foil Heat Exchangers", Solar Aircraft Co., San Diego, California,

Contract AF 33(567)8766, Quarterly Report 1 (October 1, 1962); unclassified report.
AD-~285 657

Schlagel, L. A., and Rope, Merrill P., "Development of Manufacturing Methods for
Light-Weight Metal Foil Heat Exchangers", Solar, San Diego, California, Contract

AF 33(657)-8766, Interim Technical Report 2 (September 18, 1962 — December 17, 1962);
unclassified report. AD=-294 769

Schneider, P. I., "Effect of Axial Fluid Conduction on Heat Transfer in the Entrance
Regions of Parallel Plates and Tubes", Trans. ASME 79, 765-73 (May, 1957).

Schryber, E. A., "Heat-Transfer Coefficients and Other Data on Individual Serrated-
Finned Surface", Trans. ASME, 67 (8) 683-6 (November, 1945).

Seban, R. A., and Shimazaki, T. T., "Heat Transfer to a Fluid Flowing Turbulently in a
Smooth Pipe With Walls at Constant Temperature', Trans. ASME, 73, 803 (1951).

Simpelaar, C., and Aronson, D., "Gas-to-Gas Heat Exchanger as Applied to Oxygen
Plant", Trans. ASME, 72 (7) 955-65 (October, 1950).

Skiba, Edward J., "Sectional Heat Exchangers', Petro/Chem. Engr., p C-49 — C-56,
October, 1960,

Sleicher, C. A., Jr., and Tribus, M., '"Heat Transfer in a Pipe With Turbulent Flow and
Arbitrary Wall-Temperature Distribution", Trans. ASME, 789-797 (May, 1957).

Snell, Reginald J. W., "The Solution to the Dimensions of Corrugation-Type Heat
Exchangers", Proc. of the 1961-62 International Heat Transfer Conference, ASME.

Stalder, Jackson R., and Spies, Ray J., Jr., "An Experimental Investigation of an
Exhaust-Gas-to-Air Heat Exchanger for Use on Jet Stack Equipped Engines", NACA,
RM A8E14 (October, 1948).

Stanford University, California, "High Rating Heat Transfer Surfaces; Heat Transfer at
High Velocities; Free Piston Machinery", Contract Néonr=-251, T. O, 6, Status Report 28
(November 1 — December 31, 1952), " AD~11978

Stevens, R. A., and others, ""Mean-Temperature Difference in One, Two, and Three-Pass
Crossflow Heat Exchangers', Trans. ASME, 79, 287-97 (February, 1957).

Stone, J. P., Ewing, C. T., and others, "Heat-Transfer Studies on Some Stable Organic
Fluids in a Forced Convection Loop', Naval Research Laboratory, Washington, D.C.,
NRL Rept. 5675 (October 26, 1961); unclassified report. AD-268 341
Swart, R. H., "Capillary Tube Heat Exchangers", Refrig. Eng. 52, 221-4 (September, 1946).

Tangri, N. N., and Jayaraman, R., "Heat Transfer Studies on Spiral Plate Heat
Exchanger", Trans. AIChE, 40 (3) 161-8 (1962).

BATTELLE MEMORI AL, INSTITUTE



(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)
(204)

(205)
(206)
(207)
(208)
(209)

(210)

(211)

56

Tate, G. E., and Cartinhour, John, "Disk Extended Surfaces for High Heat~Absorption
Rates", Trans. ASME, 67, 687 (1945).

Tendeland, Thorval, and Steinmetz, Charles P., "A Comparative Study of Weights and
Sizes of Flat-Plate Exhaust-Gas-to-Air Heat Exchangers With and Without Fins', NACA,
TN 1312 (July, 1947).

Tidball, R. A., Mangold, F. L., Tower, $. N., and Ciarlariello, T. A., "Final Report
on the 1000 KW Air Cooled, Liquid Metal Heat Transfer Loop", Mine Safety Appliances
Co. , Callery, Pennsylvania, Contracts N9onr-85801 and NObs-65426, Project NR-031-
364, Technical Report 39 (August 16, 1955). NP-5751

Tognoni, R., '"Comparison Between Direct and Indirect Heat Addition From an Atomic
Reactor to a Closed Gas Turbine Cycle", Escher Wyss, Ltd., , Switzerland, Vol 9 of
Application of the Closed Cycle Principle to Aircraft Auxiliary Power Plants, Contract

AF 61(514)985, Technical Note 5 (July 21, 1957); unclassified report. AD-152 242

Trane Company, La Crosse, Wisconsin, "Big Space Savings Realized in Brazed Aluminum
Heat Exchangers", Steel, 129 (16) 80-2 (October 15, 1951) and Modern Metals, 7 (9) 25-8
(October, 1951).

Trane Company, La Crosse, Wisconsin, "Extended Surface Heat Transfer Equipment",
Trane Company Bulletin DS-378 (March, 1953).

Trocki, Thomas, and Nelson, D. B., "Liquid-Metal Heat~-Transfer System for Nuclear
Power Plants. A Report on the Development of Suitable Heat Exchangers and Steam
Generators", Mech. Eng. 75, 472-6 (June, 1953).

Uchida, Hideo, "Heat and Mass Transfer of Air Cooling Coils With Fins", Proc. of the
1961-62 International Heat Transfer Conference, ASME, p 690,

United Aircraft Products, Inc. , Design Manual for Heat Exchangers, P. O. Box 1035,
Dayton, Ohio (1963).

Von Glahn, Uwe H, , "Empirical Equation for Turbulent Forced-Convection Heat Transfer
for Prandtl Numbers From 0. 001 to 1000", National Aeronautics and Space Administration,
Washington, D, C, (December, 1960); unclassified report. AD-247 291

Wantland, J. L., "Thermal Characteristics of the Art Fuel-to~-NaK Heat Exchanger",
Oak Ridge National Laboratory, Tennessee, December 22, 1955, decl. September 15, 1959.
CF-55-12-120

Wantland, J. L., "Thermal Characteristics of a Delta Array Heat Exchanger", QOak Ridge
National Laboratory, Tennessee, Contract W-7405~-eng=-26 (January 28, 1957).
CF=-57-1-100

Werth, G. R., McCluer, H. K., and Fitchett, B. T., "Cooling Methods and Equipment for
Supersonic Aircraft", Douglas Aircraft Co., Inc. , Long Beach, California, Contract AF
33(616)3723, WADC TR 57-619 (May 15, 1956 — November 15, 1957, February, 1960);
unclassified report. _ AD-236 042
Williams, R., Jr., "A. D, Little's New Heat Exchanger", Chem. Eng. 56 (12) 104-7
(December, 1949).

Williams, R. B., and Katz, D. L., "Performance of Finned Tubes in Shell-and-Tube Heat
Exchangers', Trans. ASME, 74, 1307-20 (November, 1952).

Wilner, B. M., and Stumpf, H. J., "Intermediate Heat Exchanger Test Results', Oak

Ridge National Laboratory, Tennessee, Contract W-7405-eng-26, January 29, 1954,
decl, July 16, 1959. CF-54-1-~155

BATTELLE MEMORIAL INSTITUTE



57 and 58

(212) Wright, C. C., and Walters, H, H,; "Design, Construction and Testing SF-1 Fuel Heat
Exchanger'", AiResearch Manufacturing Co., Los Angeles, Contract AF 33(600) 34222,

WADC TR 59-422 (January, 1957 — April, 1959, August, 1959); unclassified report.
AD-233 463

(213) Yermolin, V. K., "Investigation of Convective Heat Transfer in a Tube With a Twisting
Flow of Constant Pitch Length", Aerospace Technical Intelligence Center,
Wright-Patterson Air Force Base, Ohio, Trans, MCL~-1290 of Inzhenerno-Fizicheskiy
Zhurnal, 3, 52-57, 1960 (October 3, 1961); unclassified report. AD-265 706

FAC:SGT:JWB/mln

BATTELLE MEMORI AL INSTITUTE



APPENDIX

DERIVATION OF COMPACTNESS PARAMETER

BATTEULLE MEMORIAL INSTITUTE



A-1

APPENDIX

DERIVATION OF COMPACTNESS PARAMETER

The parameter describing the number of heat-transfer units, Nty, is convenient to
use in heat-exchanger design because, for most well-defined flow arrangements
(i. e. , counterflow, crossflow, etc. ), equations have been derived (Reference 124,
Chapter II, and Appendix III) relating effectiveness (g) to N;, and capacity rate ratio
(CR)) ©%

€ = € (Ngy,» CR) - (A-1)

Capacity-Rate Ratio

The capacity rate is defined as

C=w cp . (A—Z)

This capacity rate may not be the same on both sides of the heat-exchanger core
and, therefore, there may be a C,,;,, and a C, .., so the capacity-rate ratio is
taken to be

CR = Cmin/Cmax - (A-3)

Effectiveness

The fundamental definition of effectiveness is
€ = actual heat-transfer rate/max heat-transfer rate theoretically possible . (A-4)

The actual heat transferred is

Q=Cy (Th1 - ThZ) =C, (__Tc1 - TCZ) s - (A-5)
and the maximum possible rate is
Qax = Cmin (Th1 - Tcl) . (A-6)

Substituting (A-5) and (A-6) into (A-4) gives
€= Q/Cmin (Th1 e TC].) = Ch (Thl - Thz)/cmin (Thl - Tcl)

= Cc (Tey = Te,M Crin (Thy = Te)) - (A-T)

It may be observed that either C,/C
both will equal unity,

i OF Cc/Crnin will be unity, or if Cr =1,
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N, and ATy, Relationships

The over-all Ny, parameter, Ntuo; is related to the individual Ni, parameters

for each side of the core by

l/Ntuo = l/Ntuh (Ch/cmin) + l/NtuC (CC/cmin) s (A-8)

where
Ntuh =(ng h As)h/ch g }(A—9)
Ntuc = (ng h Ag)./Cc - (A-10)

The over-all heat-transfer coefficient can be defined by

B ; Ntuo = (UA)an/Cmin (A-11)
Then, since

Q= (UA)avg B jeew 5 {A-12)

Ntuo = @A Tin Cmin {(A-13)

Equation (A-13) illustrates the relationship between the N, approach and the log-
mean-temperature~-difference approach to heat-exchanger design.

Laminar Flow

For fully established laminar flow in a constant area duct of simple geometry
(i. e. , a circular tube), theory [Reference (68) ] predicts

Constant {A~14)

1

NNu
and
f

"

Constant (NRe)m1 . (A~-15)

Using the relationship

Ng; = Nyu/Nge Npr > (A-16)
Equation (A-14) may be transformed to
-1
Ng; Np_. = Constant (Ng ) d (A-17)
From (A-15) and (A-17) it would be expected that
Ng, Np,/f = Constant . (A-18)
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Turbulent Flow

For turbulent flow in circular tubes, experimental data [Reference (102)] can be
correlated by

Npgy 5 Constant (Np )08 (Np)1/3 (A-19)
for Np, between 0.7 and 120. Again, using Equation (A-16), Equation (A-19) becomes
Nst Npy2/3 = Constant (Ng )70 2 . (A-20)

Experiment also shows that friction factors for smooth pipes in turbulent flow follow
the relationship

f 2 Constant (NRe)-O' z2 (A-21)
Therefore, in turbulent flow, for circular tubes

Ng; Npy2/ > £ Constant . (A-22)

General Equation

For fluids having a Prandtl number near unity
2/3 ~
Nst Npr e Ngt Npr (A-23)
and comparing Equations (A-17) and (A-20) resulted in the correlation

j=Ng Npp 2/ 32 e (g )™  (A-24)

J
which approximates the conditions for both laminar- and turbulent-flow regimes and
can be used with reasonable accuracy for the majority of heat-transfer surfaces.
However, for flow in smooth ducts, a different "m'" may have to be used for the
separate regimes of laminar and turbulent flow if a high degree of accuracy is desired.
"j" is the Colburn number and '"m'" is the slope of the line for j vs. Ng,. For heat-
transfer surfaces such as tube banks, louvered fins, etc., that produce highly separated
flow, it is usually possible to use a single value of m to represent approximately all the
surfaces in the range of normally encountered Reynolds numbers, and this value was
found usually to be between 0. 3 and 0. 4. Notice that the one limiting assumption
necessary to use Equation (A-24} is that the Prandtl number should be near unity, as is
the case for fluids such as air and water. The friction factor, f, and the Colburn fac-
tor, j, curves are usually nearly parallel to log-log coordinates; and since two curves
separated by a constant distance on log-log coordinates have a constant ratio, the ratio
f/j is nearly constant for most heat-exchanger surfaces.

Required Core Volume

The usual heat-exchanger-design situation is that of having specified fluid-capacity
rates, initial temperatures, a desired effectiveness, and allowable fluid-pressure drops.
With the desired effectiveness and the capacity-rate ratio, Cp, known, the required
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over-all N;, can be calculated directly by the € = € (Nmo, CRr) relationships. For a
balanced heat exchanger (i.e., CR = 1), the required Nty on each side will be 2 Ny ;
however, if one film resistance is much lower than the other, the N;, of the limiting
side may approach Ntuo- Since the design process is a trial-and-error procedure, the

necessary Nty on each side to produce the required over-all Ny, will become apparent.

Frontal Area. The required flow area on each fluid side can be calculated directly
from the following equations.

Pressure drop is calculated by

Ap=fGZ L/2g pry (A-25)
and by using the two equations
Niu = Mg Ngt L/t (A-26)
j = Ng; Np2/3 (A-27)
we arrive at
B 1/2
G=w Ay = [Zg (A p/ Ny Mo/ Np = )G/ 9) ns] 3 (A-28)

and solving for flow area, we have

28 ) i/2
A =w[(I/Zg)(Ntu/Ap)(Npr /p)(f/J)(l/ns)] . (A-29)

X

This determines the required flow area on one side of the core for a given weight-
flow rate in terms of the performance requirements Ny, and Ap, the fluid properties
Np, and p, and the surface properties f/j and ng. Note that the required flow area is
not directly dependent upon the hydraulic radius, although f/j and T)g will be somewhat
affected by hydraulic radius.

Flow Length. The required flow length may be calculated by combining
Equations (A-24), (A-26), and {A-28), together with

Nge = 4rp G/p (A-30)

to give the following equation for flow length

l-m

s : /2
L, = [ eem/2] [ o™/ 2 e/ 2] [ vp, 23 T o -]

[t/ 2 grpmi 2ge2 ] (A-31)
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Core Volume for One Side. The void volume is equal to t
flow length, so by multiplying Equation (A-49) by (A=31), we ar

he flow area times the

rive at

R _ i} 3em /2
VV=[4m(2g) ”m/z] [(w)(Ntu)3 m/2(pp) “m/z} [(Npr"‘”) L: (p)‘”m/z(u)‘m]

(e i )34/ 2 g5y 1-m/ 2 1]

(A-32)

Now, let m = 1/3, which approximates the majority of curves of j versus NRe for

heat-exchanger surfaces over a wide range of Reynolds numbera,

tion (A-32) becomes

Vo = @10 [wing)* 2 0p) 3] [ivpy B9y
[ 34/ /)37
Or we could think of this being

V,, = (Constant) [

Parameter Parameter

From the above equation, it is seen that the core volume can be
if the hydraulic radius is made to approach zero, However, the

Then Equa-

(A-33)

Performanc e] [Fluid-Prope rty] [Surface-Property
Parameter ’

made to approach zero
flow area will not

change appreciably, because the hydraulic radius does not appear in Equation (A-29) for

flow area.
lower {/j ratio, and higher Mg and ¢ factors.

The volume can also be reduced somewhat by using a surface possessing a

Considering core volume only, it can be stated that the hydraulic radius is the
most important single parameter affecting heat-exchanger compactness,

Compactness Parameter and Corrected Heat Transfer Den

sity. The definition for

heat-transfer density is

HTD = Q/AT;,V ,

(A-34)

and it is apparent that this parameter can be based on the void volume on each side of

the core, the total core volume, or the over-all heat-exchanger
insulation, etc. i

Using Equation (A-13) we obtain

HTD = Niy_ Cppin/V
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If V is defined as being the core void volume on one side, V,, Equation (A-33) can be

substituted into the above equation, and we arrive at the following expression:

- [(g/Z)” 3(e;) M) 34 3 /)7 3] [(Ntuo/Ntu)4/ 3]

Or we can say

(HTD) [Correction] - [Compactness] [ Design ] ;

Factor Parameter Parame«ter

or
= Design
HEES o [ Parameter:]
where
HTDC = HID | (C/ Crnin)Neag/ 911> (Np)*% (o)™ ()™ ]
- HTD Correction
Factor
C i hd —
[ [(C/Camin ey 6002 (p)® 7 ()™ 2 () 1]
P = [(g/2)1/3 fey) img)t 2 (mpin /3 (f/j)'1/3]
Design N 4/2
[Parameter] h (Ntuo/Ntu) .

HTDC stands for “"corrected heat transfer density" and P_ for ''compactness
parameter'. It must also be remembered that the above HTDC and HTD are
based on the void volume for one side of the core,
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SUPPLEMENT

This supplement has been written to incorporate certain pertinent discussions and
information omitted from the final technical report as initially submitted.

Availability of Desired Data

Thermodynamic Data

It has been noted that, of more than 200 references examined, data are presented
from only 25 of them. However, nearly 90 different core surfaces were analyzed,
which yielded about 180 data points. The primary reasons that more data were not found
useful were either that the thermodynamic performance data or descriptions of the heat-
exchanger surface geometry were incomplete, Comprehensive data on both are neces-
sary in order to compare performance data or relate the performance of a heat ex-
changer under one set of conditions to predicted performance under another set of
conditions. The data presented in Tables 1 through 4 tabulate all the data presented in
Figures 1 through 4 and represent all the meaningful information that was found that
contributed directly to the objectives of this study. However, there.are many good
discussions and much interesting background information on the general subject of heat
exchangers that are not directly pertinent to this study; this is the main reason for in~-
ciuding all the references examined in the Bibliography.

Life and Location Information

Data on the mechanical performance of heat exchangers, e.g., operating-life and
thermal~- and pressure-cycling information, were, in general, not available for the heat-
exchanger surfaces reported. This statement must be qualified by the fact that all the
references reviewed were not read cover-to-cover; therefore, some life data could have
been overlooked, However, this type of information is in an area of sensitivity to most
manufacturers; therefore, we would expect considerable reluctance to put this type of
information in the literature. Further, it is apparent that the scientific and technical
comumunity considers this type of information too specific to be of general interest and
significance.

Information on the location of heat exchangers is generally not pertinent. As we
have shown, most of the useful information available is in the form of reduced data ob-
tained from tests on core samples, Of the complete heat-exchanger units on which data
are available, most are either designed for mobile or vehicular applications or not for
any specific locati-,

General reference to some specific heat-exchanger installations is made in Refer-
ence 98, but no performance data are given,

Manufacturers

The following table lists the manufacturers of the heat- exchanger equipment listed
in Tables 1 through 4:
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TABLE 8. HEAT-EXCHANGER MANUFACTURERS

Reference No. Manufacturer Identification
38 ) Not given
46 AiResearch
49 Not given
71 Curtiss-Wright
113 G. M. Harrison
114 Trane
116 G. M. Harrison, Modine, or AiResearch
119 Not given
120 Air Preheater, or G. M. Harrison
121 Not given
123 Not given
124 Not given
125 AiResearch
126 Not given
128 Ferrotherm
129 Not given
136 Not given
140 Wolverine Tube, Modine, or AiResearch
154 AiResearch
159 AiResearch
177 Brown Fintube
195 Not given
197 Not given
201 Trane
212 AiResearch

In a few cases in which several heat-exchanger surfaces are presented and more
than one manufacturer is listed, the respective manufacturer is not called out for each
surface,

Discussion of Tables 1 Through 4

An identification number for each surface has been included in Tables 1 through 4.
This is necessary because of the convention that was chosen for describing the surface
geometry in Tables 2, 3, and 4, For these tables, data are given for only the "hot-
fluid" side or the "cold-fluid" side of the heat exchanger, and the description of the
surface and the hydraulic radius are given primarily to identify the respective side of
the surface.

The "sandwich' designation in Table 3 refers to multiple layers of a similar core
surface used for each hot or cold fluid passage. Two and three consecutive layers for
one fluid passage are termed as double and triple sandwich surfaces, respectively.
Such configurations allow design flexibility when choosing optimum flow areas and fin
configurations for the two fluid sides of a heat exchanger.
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The hydraulic radius is based on the surface area and void volume on the respec-
tive sides of the exchanger in Tables 2, 3, and 4. In Table 1, which gives over-all data
on the heat-exchanger core, ry is calculated on the basis of the total surface area and

o

the total void volime of both fluid sides of the core,

Data on the ML-1 precooler or other heat exchangers used in the Army Gas-Cooled
Reactor Systems Program were not included in the tables because there was insufficient
information on the core dimensions, surface geometry, and operating conditions to en-

able a meaningful comparison to be made.

Figure 12 shows four core surfaces listed in Table 1, but not described by

Figures 5 or 6.

Additions and Corrections to Final Report

Table of Contents
Add ""Supplement" . . |, Page S-1,

Table of Contents, List of Figures

Add "Figure 12, Additional Heat-Exchanger Surfaces in Table 1'' .

Table of Contents, List of Tables
Add "Table 8. Heat-Exchanger Manufacturers" . . . Page S-2.

Selected Bibliography, Reference 195
Change "Trans. AIChE" to ""Trans. Instn. Chem. Engrs, "

Nomenclature, English-Letter Symbols
Add 'c - Plate or tube spacing, inches"

Nomenclature, Grouped-Letter Symbols
Add "PF - Parallel flow heat exchanger!
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Exhaust
gas flow

Heat Exchanger No. I3 Heat Exchanger No. 16
(fins 0.188 x 0.018 in)

e . )
242;:\1:E ;;\ossc;ges 0.28 m‘g k 205in.
xhaust-gas passages -
Closed sleeve gas P 8 . rE 5 2
insert — | 0.62 in. I| | 0.75 in.
_ _w Ll e
0.62 in, .
0.31 in dio.—#{ ld—
30°
Air L _v
flow
6.1 in. dia.
& 9 indig, —®
I
Heat Exchanger No. 20
- Heat Exchanger No. |7 (12 pins per row, |6 rows)

A-47733

FIGURE 12. ADDITIONAL HEAT-EXCHANGER SURFACES IN TABLE 1
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NOMENCLATURE

English-Letter Symbols

A—

Area, £t2

a - Fin spacing, inches

b -

c_

c. =

J

w o=z B t
[ I |

o
]

I I S
i

Plate or tube spacing, inches
Capacity rate, (w cp), Btu/hr~-F
Colburn-number correlation constant, dimensionless

Specific heat, Btu/1b-F

Material density, 1b/ft3

Fanning friction factor, dimensionless
Mass velocity, (w/Ax), 1b/hr-ft2

Gravitational conversion factor, 4.18x 108 1bm-ft/1b£v-hr2

Convective heat-transfer coefficient, Btu/hr-ftZ—F
Colburn number, Ngt NPr2/3’ dimensionless
Constant, ibl/ 3.4t [defined by Equation (3]
Thermal conductivity, Btu/hr-ft-F

Length, ft

Fin constant (Jz Bk & ) ft-1

Nj, ratio (Ntuh/Ntu ), dimensionless
c

Pressure-drop ratio (Aph/Apc), dimensionlesg
Pressure, lb/ft2
Heat-transfer rate, Btu/hr

Hydraulic-radius ratio (r};h/rh ), dimensionless
c

Hydraulic radius (AyLy/Ag), ft, (4 rp, = hydraulic diameter)

Temperature, F
Volume, 3
Flow rate, lb/hr

Constant, 1b1/2-ft [defined by Equation (16)]

Greek-Letter Symbols

B -

A

€

n-
M-
£ -

p-

g -

Ratic of surface heat-transfer area to volume between
spacer plates, 2/ ft3 '

Difference of temperatures, pressures, etc.

Fin thickness, ft

Effectiveness of heat exchanger, dimensionless
Effectiveness of fin or total surface, dimensionless
Dynamic viscosity, 1b/ft-hr

Ratio of pressure differences and pressures
(APhpc/Apcph), dimensionless

Fluid density, 1b/ft3

Ratio of void volume to total volume of core,
dimensionless

Grouped-Letter Symbols

cC - Counterflow heat exchanger

CF - Crossflow heat exchanger

HTD - Heat transfer density, Btu/hr-100 F-ft3
HTDC - Corrected heat transfer density, hr-2/3 g1
NA - Not applicahle
Pe - Compactness parameter, hr‘z/3 £t~}

SHIT - Specific heat transfer; Btu/hr-100 F-lb

Dimensicnless Numbers

€ - Effectivene?s =Qt/Qnax _

£ - Fanning friction factor = ngAprh/GzLx

j - Colburn number = NStNPr2/3

Npy - Nusselt number = 4rph/k

NPr - Prandtl number = P-cp/k

Nge - Reynolds number = 4rpG/u

Ng; - Stanton number = h/ch = Nno/NreNpr
N, - Number of heat-transfer units = NghAg/wep

Subscripts

1 - Inlet

2 - Outlet

act - Actual

avg - Average

c = Cold side, or compactness parameter (Pc)
est - Estimated

- Fin, or force

h - Hot side

i ~ Insulation

1n - Log-mean difference
m ~ Manifold, or mass
max - Maximum

min - Minimum

n ~ Nonflow dimension
o - Over-all

R -~ Ratio

s - Surface

t - Total

v - Void

»

- Flow length, area, or volume




